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Abstract 19 

20 
Young and tectonically active chains like the Central Apennines (Italy) are featured by high 21 

structural complexity as a result of the overprint of subsequent deformational stages, making 22 

interpretation of seismotectonics challenging.  23 

The Central Apennines are characterized by the stacking of tectono-sedimentary units organized in 24 

thrust sheets. However, extensional tectonics is currently affecting the axial sector of the thrust 25 

belt, mostly expressing in extensional earthquakes. 26 
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Using a large subsurface dataset acquired for hydrocarbon exploration in the region struck by the 27 

2016-2017 Central Italy seismic sequence, we built a comprehensive 3D geological model and 28 

compared it with the seismicity.  29 

The model primarily shows a series of thrusts developed during the Miocene-Pliocene Apennines 30 

orogenesis and inherited normal faults developed during the Mesozoic extensional phase and the 31 

Miocene foreland flexural process. These normal faults were segmented and transported within 32 

the thrust sheets, and sometimes they still show a clear surface expression.  33 

The succession of tectonic stages resulted in a widespread reactivation of inherited structures, 34 

sometimes inverting their kinematics with different styles and rates, and disarticulating pre-35 

existing configurations.  36 

Such evolution has a strong impact on the seismicity observed in the area, as demonstrated by 37 

some examples that show how the seismicity is aligned on segments of inherited faults, both 38 

compressional and extensional. Their reactivation can be explained by their favorable orientation 39 

within the current extensional stress field. 40 

Results feed the debate about the seismogenic potential of faults identified both at depth and 41 

surface, which can impact the seismic hazard of the Apennines. 42 

 43 

Keywords: 44 
 45 
Normal faults, thrust sheets, inherited faults, earthquakes, Central Apennines, 3D geological 46 

model 47 

 48 

Highlights: 49 

- Review of upper crustal setting in the 2016-17 Central Italy seismic sequence area 50 

- Development of a 3D geological model of the Apennines thrust belt in the study area 51 



 3 

- High structural complexity with widespread evidence of reactivation of inherited faults 52 

- Complex patterns of seismicity intimately connected with the overall structural setting 53 

- Fault reactivation plays a primary role in the seismotectonics of the Central Apennines 54 

 55 

1.Introduction 56 

 57 

The 2016-2017 seismic sequence that started on August 24th, 2016 (e.g., Chiaraluce et al., 2017; 58 

Dolce and Di Bucci, 2018) highlighted the high structural complexity of the Central Apennines.  59 

Many authors (e.g., Falcucci et al. 2016; Civico et al., 2018; Brozzetti et al., 2019, among many 60 

others) found that the normal fault systems activated during the sequence covered a total length 61 

of ~60 km, with a predominant NW-SE to NNW-SSE strike, and a SW or subordinately NE dip. The 62 

shallow crustal seismic sequence (from the surface down to almost 12 km of depth) displays focal 63 

mechanisms that are consistent with the NE–SW orientation of the σ3 principal stress of the 64 

present-day extensional regime (Montone and Mariucci, 2016).  65 

In the geological literature, complex structural history is generally depicted to explain the 66 

relationship between the extensional faults observed at the surface and the overall shallow and 67 

deep structural setting (e.g. Bigi et al., 2013; Scisciani et al, 2014).  68 

The interaction between newly formed active faults, developed during the Quaternary extensional 69 

regime, and older faults, inherited from previous extensional and compressional tectonic phases, 70 

is necessary to explain the most recent seismic sequences, namely the Colfiorito 1997, L’Aquila 71 

2009 and 2016-2017 Central Italy ones (Chiaraluce et al., 2003; Valoroso et al., 2013; Chiaraluce et 72 

al., 2017; Chiarabba et al., 2018; Improta et al., 2019; Michele et al., 2020, Figure 1). Historical 73 

earthquake catalogs (e.g., Rovida et al., 2020) and information on fault activity, coming from both 74 

field surveys (EMERGEO Working Group, 2016; Brozzetti et al., 2019; Falcucci et al., 2016; Civico et 75 
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al., 2018; Villani et al., 2018; Pizzi et al., 2017) and other independent studies (e.g., DISS WG, 76 

2018), also testify to a very complex pattern of broad fault systems, which were repeatedly 77 

activated during long seismic sequences containing moderate-to-large magnitude events (e.g., 78 

Guidoboni et al., 2019 and reference therein). 79 

 80 

Figure 1. 81 

 82 

Considering both field geological observations and geophysical data at crustal-scale, the first-order 83 

tectonic setting of the Central Apennines still corresponds to the large-scale Upper Miocene – 84 

Pliocene compressional structures developed during the orogen build-up. The broad picture of the 85 

chain backbone is of a huge stack of thrust sheets over thrusting more external (eastern) foredeep 86 

and foreland domains. Compressional structures are imaged by seismic reflection profiles and 87 

seismic tomography (e.g., Bally et al., 1986; Barchi et al., 2012; Scisciani et al., 2014; Buttinelli et 88 

al., 2018; Chiarabba et al., 2018; 2020, among others). Moreover, field geological data show wide 89 

evidence of active extension, especially in the axial part of the chain (e.g., Centamore et al., 1992; 90 

Pierantoni et al., 2013; Cinti et al., 2018; Villani et al., 2018; 2019).  91 

Due to the high structural complexity, interpretation of surface geological observations is not 92 

always fully representative of the architecture at depth and hardly reconciles with the observed 93 

3D distribution of the seismicity. Therefore, a comprehensive and reliable 3D geological model, 94 

which can characterize the structural setting and explain the relationship between the main faults 95 

surface and observed seismicity, is needed.  96 

Our analysis is based on a review of a wide dataset of surface and deep geological/geophysical 97 

data, collected in the framework of the RETRACE-3D project (Di Bucci et al., 2021, 98 

www.retrace3d.it). This dataset consists of: (a) geological information acquired and collected by 99 

the Geological Survey of Italy; (b) subsurface geophysical and deep well data acquired by oil 100 

http://www.retrace3d.it/
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companies between the seventies and the nineties of the last century; and (c) other independent 101 

data (e.g., tomographic images, gravimetry anomaly, seismicity). This dataset can be used to 102 

provide both a more robust reconstruction of the whole structural setting for this region and a 103 

more reliable interpretation of faults activated (or reactivated) during recent seismic sequences. 104 

We used available underground data to carry out a 3D reconstruction of the fault geometries from 105 

the surface down to seismogenic depths. Then, we compared the modeled fault network with the 106 

3D hypocentral distribution of the 2009 L’Aquila and 2016-2017 Central Italy seismic sequences.  107 

This work aims to understand: (i) the main architecture of the Central Apennines; (ii) geometric 108 

and kinematic relationships between active faults with surface expression and seismogenic faults 109 

at depth; (iii) what is the contribution of blind faults to the observed seismicity; and (iv) the role 110 

played by inherited faults at seismogenic depth. 111 

We would stress that recognizing correctly the reactivation of paleo-tectonic structures and the 112 

segmentation of inherited faults during subsequent tectonic stages is crucial to understand the 113 

seismotectonics for very complex and highly seismogenic areas like the Central Apennines. 114 

 115 

2.Geological background  116 

The Central Apennines (Figure 2) is characterized by the presence of two major Meso-Cenozoic 117 

paleogeographic domains: i) the Umbria-Marche pelagic Basin (UMB in the following) 118 

characterized by an Upper Triassic-upper Miocene shallow water to pelagic basin succession and 119 

ii) the Lazio-Abruzzi Platform (LAP in the following) made up by Upper Triassic –Miocene shallow-120 

water carbonates. The passive margin sedimentary successions of these two domains are overlain 121 

by siliciclastic Messinian deposits of the Laga foredeep basin (e.g., Parotto and Praturlon, 1975; 122 

Koopman, 1983; Lavecchia, 1985; Bally et al., 1986; Centamore et al., 1992; Vezzani et al., 1998; 123 

Cosentino et al., 2010; Bigi et al., 2011; Pierantoni et al., 2013). 124 
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The stratigraphic record in the study area is the result of several tectonic phases that have 125 

affected the Adria domain (for a review on Adria see Di Bucci and Angeloni, 2013, and references 126 

therein) since late Late Paleozoic - Triassic times, and is formed by mainly marine successions 127 

deposited on a Meso-Cenozoic passive margin. The latter are constituted in general by clastics, 128 

evaporites, and shallow and deep water carbonate sedimentary successions. This passive margin is 129 

generally considered the result of a continental rifting stage developed since Early-Middle Triassic 130 

times following the breakup of Gondwana (e.g., Ciarapica and Passeri, 2002; Stamfli and Borel, 131 

2002, and references therein). The Middle Triassic extensional phase generated mainly NW-SE 132 

trending depocenters (e.g., Grandić et al., 2002) that, according to Scisciani et al. (2014), exist at 133 

depth also below the UMB. 134 

During the late Triassic and the early Jurassic, a shallow water evaporitic (Anidriti di Burano) and 135 

carbonate (Dolomia Principale and Calcare Massiccio) platform, along with restricted euxinic 136 

basins, was established extensively in the UMB and LAP (Ciarapica and Passeri, 2005). These 137 

platforms were then broke up as a consequence of an Early Jurassic extensional tectonic phase. 138 

Such rifting also controlled the topography of the UMB, with the formation of intra-basinal 139 

structural highs (namely the Pelagic Carbonate Platforms, PCPs, sensu Santantonio, 1993; 1994) 140 

and deep basins. This resulted in a strong difference in thickness within the Jurassic p.p.-Lower 141 

Cretaceous succession (dozens of meters for the PCPs, 500-to-1500 m for the basins) and large 142 

volumes of detrital, re-sedimented materials, and olistoliths from erosional fault-escarpment 143 

bordering the PCPs in the basinal deposits onlapping the paleo-escarpments (e.g., Santantonio, 144 

1994; Centamore et al., 2009; Santantonio et al., 2013; and references therein).  145 

Although post-rifting conditions dominated in the Middle Jurassic-Eocene time interval, several 146 

tectonic pulses related to the regional geodynamics caused the repeated reactivation of some 147 

Early Jurassic normal faults. This resulted in the rejuvenation of the margins of the PCPs and re-148 
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sedimentation processes (e.g., Santantonio, 1994; Centamore et al., 2009; Cipriani and Bottini, 149 

2019, and references therein). Due to the reduced displacements, these re-activations can only be 150 

observed at the surface through detailed field stratigraphic studies (e.g., Calamita et al., 2003, Di 151 

Domenica et al., 2012).  152 

It is generally assumed that, from the Early Cretaceous, when the Western Tethys closure started, 153 

the UMB topography was mostly flat, and the normal faults were sealed by the pelagic sediments 154 

of the Maiolica formation (e.g., Santantonio, 1994). UMB and LAP persisted as distinguished 155 

paleogeographic domains from Early Jurassic to Miocene p.p., preserving their overall distinct 156 

architectures and sedimentary successions. 157 

Starting from the middle-upper Miocene, the study area was also affected by a foreland flexural 158 

process (e.g., Cosentino et al., 2010, and reference therein), with the formation of either new 159 

normal faults or the reactivation of pre-existing ones, dissecting the carbonate substratum and 160 

reaching a maximum displacement of 2,000 m. In such early stages of compressional deformation, 161 

these faults were responsible for the sedimentary facies distribution controlling the architecture 162 

of the foreland basins and were generally sealed by the successive syn-orogenic deposits, as 163 

revealed by unconformities on the pre-orogenic substratum (Centamore et al., 2002; Bigi et al., 164 

2011; 2013). 165 

Finally, the UMB and LAP were progressively involved in the Apennines chain as a consequence of 166 

the eastward migration of the compressional front. Alternative interpretations have been 167 

proposed for the Apennines, with a structural style ranging from thick- to thin-skinned and with 168 

varying basement involvement and amounts of shortening (Bally et al., 1986; Ghisetti et al., 1993; 169 

Barchi et al., 1998; Butler et al., 2004; Tavarnelli et al., 2004; Cosentino et al., 2010; Scisciani et al., 170 

2014). The overall thickness of the tectonic thrust sheets stack in the study area is at least 8-10 km 171 

(e.g., Bally et al., 1986; Scisciani et al., 2014; Porreca et al., 2018). 172 
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According to Bigi et al. (2009), the Laga domain, a confined foredeep basin characterized by a thick 173 

siliciclastic turbiditic succession (500 – 2500 m thick; Milli et al., 2013), developed from Late 174 

Tortonian to Late Messinian at the front of the orogenic wedge. At present, the Laga domain is 175 

separated from the UMB and LAP by the Sibillini thrust (N-S to NNE-SSW trending) to the West, 176 

and by the Gran Sasso thrust (E-W trending) to the South (Figure 2). 177 

Within the study area, the major thrust systems are generally East-verging: 178 

i) the Gran Sasso thrust system, principally developed during Miocene and reactivated during 179 

Pliocene (Cosentino et al., 2010), with a marked change in the strike from E-W to NW-SE 180 

moving South to North, where displacement progressively decreases; 181 

ii) the Sibillini thrust system, which developed during Miocene. It is characterized by a SW-NE 182 

oriented lateral ramp in its southern part and by an almost N-S trend in its frontal sector; 183 

iii) the Acquasanta thrust system, which is the most external main structure. It overthrusts the 184 

Montagna dei Fiori thrust sheet during the Pliocene. The surface expression of the Montagna 185 

dei Fiori thrust is located just to the East of the study area. To the West of the study area, the 186 

Acquasanta thrust system is characterized by the presence of two main inner blind splays: one 187 

to the North, just below the Sibillini thrust (Figure 4), and the second to the South (Figure 6), 188 

which also controls the structural high where the Varoni 1 well was drilled. The Acquasanta 189 

thrust system developed during the Lower Pliocene (e.g., Centamore et al., 1992; Scisciani and 190 

Montefalcone, 2005; Cosentino et al., 2010). 191 

Since the late Pliocene-Early Pleistocene, in the Central Apennines extensional tectonics followed 192 

the compressional wave (Patacca et al., 1990; Doglioni et al., 1991; Galadini, 1999), migrating from 193 

the hinterland (to the West) to foreland sectors (to the East; Elter et al., 1975). During this phase, 194 

normal faults, newly formed or pre-existing and reactivated, acted within the thrust sheets stack 195 

and controlled the formation of intermontane basins (Cavinato & De Celles, 1999). Extensional 196 
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deformation rates based on geological data have been estimated in the order of 2-3 mm/yr, which 197 

is in agreement with current instrumental measurements (D’Agostino et al., 2014).  198 

Noteworthy, the observed stratigraphic successions show that syn-sedimentary facies changes 199 

(i.e., Jurassic PCP-basin system in the UMB, Galluzzo and Santantonio, 2002; LAP-UMB transition, 200 

Castellarin et al., 1978) can often be related to surface traces of thrusts and even of normal faults 201 

with Quaternary activity. This suggests that tectonic and structural inheritance has played an 202 

important role in the evolution of the Central Apennines. Several different models have been 203 

proposed for this normal faults/thrust faults relationship: positive and negative tectonic inversion 204 

(Scisciani, 2009; Di Domenica et al., 2012; 2014; Calamita et al., 2017; Scisciani et al., 2019, and 205 

references therein); re-use of older faults as transfer-faults or decollements in a new tectonic 206 

regime (Calamita et al., 1994; Bollati et al., 2012; Pizzi et al., 2017); rotation, overturning, 207 

dissection of inherited structural and paleomorphologic elements (Pizzi and Scisciani, 2000; Bigi 208 

and Costa Pisani, 2003); reactivation of pre-thrust normal faults in the current extensional phase 209 

(Pizzi and Scisciani, 2000); buttressing (Calamita et al., 1998); normal faults cutting thrusts 210 

(Pierantoni et al., 2005; Porreca et al., 2018, among others).  211 

 212 

Figure 2.  213 

 214 

  215 
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3.Available dataset and methodology 216 

The surface geological dataset used in this work mostly relies on the information collected from 217 

the Geological Survey of Italy and from the literature (this includes geological maps, e.g. 218 

Centamore et al., 1992, Pierantoni et al., 2013). This information has been integrated with 219 

subsurface data to obtain a consistent interpretation.  220 

The subsurface data consist of a largely unpublished dataset provided by ENI and TOTAL oil 221 

companies in the framework of the RETRACE-3D Project.  222 

The dataset includes (see also the supplementary material for further details): 223 

- 179 seismic reflection profiles (about 2800 km) acquired during different periods (’70-’90), 224 

including time-migrated and stack lines (SEG-Y format); 225 

- 21 deep well data, with composite logs and sonic logs, plus Vertical Seismic Profiles (VSP) for 226 

Varoni-1 and Campotosto-1 well;  227 

- technical reports on the study area, both confidential and public, the latter coming from the 228 

VIDEPI dataset (Ministry of Economic Development https://www.videpi.com/videpi/videpi.asp). 229 

A significant effort has been made to carry out a quality-check and homogenization of the seismic 230 

reflection profiles, characterized by, in turn: i) fixing coordinates issues; ii) applying datum shift to 231 

the different seismic datasets so that they all refer to the same chosen seismic reference datum 232 

(1000 m a.s.l.); iii) correcting mis-ties at line intersections, between lines from different acquisition 233 

campaigns, carried out in different years and with different pre-and post-processing strategies.  234 

A simplified regional scheme was realized as a key to correlate lithostratigraphic successions from 235 

well stratigraphies, main seismostratigraphic signals on seismic profiles, and surface data (Figures 236 

2 and 3). The calibration of stratigraphy vs. velocity log, the latter derived by a VSP calibrated sonic 237 

log, was mainly based on the Varoni-1 well (Figure 3) and Campotosto-1 well (C1, Figure 2 for 238 

https://www.videpi.com/videpi/videpi.asp
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location). We paired the lithostratigraphic units with well-defined seismic facies that we then used 239 

for seismic interpretation.  240 

The construction of the 3D model was done starting from the interpolation (Delaunay 241 

triangulation method) of the seismic horizons in the time domain. This initial model was 242 

successively analyzed along 30 regularly spaced (at steps of 5 km) sections E-W and NE-SW 243 

oriented. Each section was cleaned of possible anomalies derived from the previous interpolation 244 

and then converted from time to depth. 245 

The velocity model used for the time to depth conversion was based on the analysis of sonic logs 246 

from available exploration wells in the surrounding region (Montone and Mariucci, 2020). The 247 

velocity values were discretized in interval velocities assigned to each seismostratigraphic unit 248 

bounded by two successive horizons. The details of this analysis are reported in the 249 

Supplementary Materials. The resulting geological sections in the depth domain were then used to 250 

interpolate the faults and horizons which in turn were used to build the final 3D model in depth. 251 

 252 

4.Seismostratigraphic interpretation 253 

The regional lithostratigraphic succession includes 7 units, bounded by 6 principal surfaces, 254 

corresponding to seismic horizons recognized during the seismic interpretation (Table 1, Figure 3). 255 

The seismostratigraphic units defined in the study area and their geological interpretation are 256 

reported in Table 1, the seismic facies are shown in Figure 3. These units gather different 257 

geological formations, mainly related to the UMB domain, and allow the description of the major 258 

differences and steps in the evolution of the analyzed paleogeographic domains. 259 

The description of the lithostratigraphic units and their correspondent seismic facies (Table 1) is 260 

based mostly on the geological field survey and the analysis of Varoni 1 and Campotosto 1 wells. 261 
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Varoni 1 drilled almost the entire sedimentary succession of the area, from the pre-evaporitic 262 

Messinian Laga formation down to the Triassic Evaporites (Anidriti di Burano). 263 

Campotosto 1 crosses only part of the local sedimentary succession, from Laga formation down to 264 

the upper portion of the Scaglia succession. 265 

The seismostratigraphic units identified in the seismic profiles reflect the lithological 266 

heterogeneities of the sedimentary succession (Table 1). They are characterized by peculiar 267 

seismic facies and distinctive key seismic reflectors (Figure 3) with a clear seismostratigraphic 268 

signature that can be recognized almost everywhere within the study area.  269 

 270 

Figure 3.  271 

 272 

The velocity model adopted to obtain the final 3D model in depth derives from the analysis of all 273 

the well logs within the study area and the surrounding region (Montone & Mariucci, 2020). The 274 

values assigned to each of the lithostratigraphic units (Table 1 and Supplementary materials for 275 

further details) are generally higher compared to what was observed in the inner (Ponziani et al., 276 

1995; Burlini and Tancredi, 1998) and outer (Artoni, 2013) sectors of the Apennines. This anomaly 277 

is mainly due to the high velocity of the Jurassic and Cretaceous-Eocene successions observed in 278 

the Varoni 1 and Campotosto 1 well logs. The reliability of the adopted velocity model is 279 

supported also by independent data such as crustal tomographies (Buttinelli et al., 2018), which 280 

show a positive velocity anomaly in this sector of the chain. 281 

 282 

Table 1.  283 

 284 

  285 
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5.Structural architecture of the shallow crust 286 

The integrated interpretation of all the available data has highlighted the main structural features 287 

of this part of the Central Apennines.  288 

In the adopted interpretation, the stratigraphic succession described in the previous paragraph 289 

can be recognized in each of the tectonic units. The thrust sheets are therefore named using the 290 

name of the underlying thrust faults (for example, the Sibillini thrust sheet refers to the whole 291 

sedimentary succession forming the hanging-wall of the Sibillini thrust). 292 

Within the study area, the innermost (to the West) and shallower compressional structure is 293 

represented by the Sibillini thrust (OAS). OAS is one of the major geological structures of the 294 

whole Central Apennines, and it consists of a west-dipping, regional ramp-flat structure over 295 

thrusting, at its front, the pre-evaporitic Messinian Laga foredeep deposits (Figure 4). 296 

The joint interpretation of seismic profiles and surface geological information (Centamore et al 297 

1992; Bigi et al., 2011; 2013; Pierantoni et al., 2013) allowed to identify, within the Sibillini thrust 298 

sheet, the Calcare Massiccio Fm. (MAS) and the underlying intra-Triassic horizon (ITR), which is not 299 

exposed at the surface in this area.  300 

The Mesozoic succession at the OAS hanging-wall is cut by NE- and SW-dipping extensional faults 301 

(Norcia - NOR, Castel S. Angelo Sul Nera - CSN, Vettore - VET fault systems, Figure 4). All these 302 

normal faults appear to be confined within the Sibillini thrust sheet. However, minor interactions 303 

between such extensional faults and the OAS thrust cannot be ruled out, as limited displacement 304 

may be below the resolution limits of the seismic profiles.  305 

Below ITR, high reflectivity layers can be recognized (Figure 4). We ascribe this seismostratigraphic 306 

feature to a thick sedimentary succession that is part of the Permo-Triassic units (PUT in table 1). 307 

The interpretation of the seismic profiles highlights the involvement of this unit at the OAS 308 

hanging-wall (Figure 4).  309 
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Moving to the East, at the OAS foot-wall, the intermediate structural level is represented by the 310 

Acquasanta thrust sheet (ACQ), whose stratigraphic succession ranges from the Permo-Triassic 311 

units to the pre-evaporitic Laga Fm. The related ACQ thrust, characterized by ca. 10 km of 312 

horizontal displacement, overthrusted to the East the more external Montagna dei Fiori thrust 313 

sheet (Figure 4 and 5b). ACQ is also characterized by a major inner splay (ACQs in Figure 4) ) with a 314 

horizontal displacement in the order of 1-2 km, formed by two thrusts that substitute each other 315 

along strike. The anticlines associated with ACQs laterally contiguous splays have been already 316 

discussed in the context of kinematic models for this sector of the Apennines (Lavecchia et al., 317 

1994; Tavarnelli et al., 2004; Scisciani et al., 2014; Bonini et al., 2019) to justify the structural 318 

setting of the Laga basin observed at the surface (Centamore et al., 1992; Bigi et al., 2011; 2013; 319 

Milli et al., 2013; Pierantoni et al., 2013). Intriguingly, a clear description of the ACQs location and 320 

geometry was never fully constrained in the literature before this study.  321 

Minor ACQ frontal splays and several back-thrusts, which collectively contributed to accommodate 322 

the deformation of the main ramp are observed (Figure 4). Even if ACQ is the major structure of 323 

the Acquasanta system, its frontal and shallow splay is the only feature with a clear surface 324 

expression reported in the geological maps (Figure 2), although with a limited displacement (< 325 

1km, Figure 2), compared to the total shortening of the main thrust.  326 

At the foot-wall of ACQ, the Montagna dei Fiori thrust sheet and the related MF thrust is also well 327 

imaged (Figure 4). In this thrust sheet, almost the whole sedimentary succession can be 328 

recognized, and a system of normal faults cutting the entire Mesozoic succession is well 329 

preserved. Also in this thrust sheet, we were able to recognize high reflectivity layers below the 330 

ITR marker, which we interpreted as a part of the Permo-Triassic succession, below the PUT 331 

seismic horizon (see Figure 3). 332 
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ACQ has a hanging-wall ramp/foot-wall flat geometry in its shallower part, where it detaches over 333 

the Scaglia Fms, and a hanging-wall flat/foot-wall ramp geometry in its deeper part, where it cuts 334 

through the Permo-Triassic succession (Figures 4 and 5b). 335 

Since the Sibillini thrust sheet was transported onto the younger Acquasanta thrust sheet, OAS 336 

current geometry is the result of a later deformation phase, with an increase of its ramp dip 337 

caused by the nucleation and propagation of younger thrusts below it. 338 

Considering the cut-off of the main horizons observed in seismic profiles, and following their 339 

depth-conversion, the overall offset of OAS is in the order of 10 km (Figure 4). The ACQ cut-off 340 

offset related to the ITR horizon is ca. 12 km, whereas the one related to the Calcare Massiccio 341 

Fm. is 10 km. The offset of ACQs in Figure 4 is about 1-2 km, measured at the cut-off of the 342 

carbonate succession, and it gradually tapers to zero moving upward in the stratigraphic 343 

succession. 344 

 345 

Figure 4.  346 

 347 

6.Evidence of repeated fault segmentation and reactivation 348 

The integrated interpretation of seismic profiles and surface data and the consequent 349 

construction of the 3D model of the area allowed us to recognize and constrain the interaction 350 

between faults developed during different tectonic phases. Hereafter, we present four examples 351 

of fault segmentation and reactivation occurring in the study area. 352 

 353 

6.1.Example 1 - The OAS front and the relationship between OAS and nearby normal faults 354 

OAS is responsible for the stacking of the internal carbonate succession belonging to UMB onto 355 

more external domains, and therefore of the current topographic elevation of the central sector of 356 
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the chain. In the northern and central sectors of the study area, surface data (Figure 2) show OAS 357 

as a N-S-trending and mostly gently W-dipping ramp, which deflects toward a NNE-SSW-trending, 358 

steeper lateral ramp in the southern sectors.  359 

The Mesozoic succession at the OAS hanging-wall is folded and overturned in the proximity of the 360 

frontal ramp tip (Centamore et al., 1992, Pierantoni et al., 2013) and it is widely affected by 361 

inherited and transported NE- and SW-dipping normal faults (Figure 4). According to recent 362 

surface data (e.g., Stendardi et al., 2020, and reference therein), these faults show a prevalent 363 

Mesozoic and possibly Miocene activity, whereas a minor activity occurred during the Quaternary. 364 

This is coherent with the interpretation of seismic reflection profile (Figure 4), where the OAS 365 

trace, marked by abrupt reflector cut-offs both in its foot-wall and hanging-wall, can be reliably 366 

followed from its surface expression down to 3 s depth. 367 

Even if recent interactions between OAS and VET (Brozzetti et al., 2019) are reported, a strong 368 

interaction between OAS and VET remains questionable since in our interpretation the horizons at 369 

the OAS foot-wall do not show detectable offset (over about 70-100 ms), even considering the 370 

limits of vertical resolution of the seismic reflection profiles (Figure 4). As an example, an offset in 371 

the order of 100 ms would correspond to a displacement of about 275-300 m if a constant velocity 372 

of 5500-6000m/s is applied to the whole sedimentary succession of the Sibillini thrust sheet. 373 

Looking at the OAS foot-wall, in the proposed seismic interpretation (Figure 4), below the frontal 374 

ramp there is a consistent horizontal downthrusting of the Laga Fm., in the order of 10 km, which 375 

would reflect the horizontal average displacement of the OAS.  376 

 377 

6.2. Example 2 - The Acquasanta thrust system and its relationship with nearby normal faults 378 

At the hanging-wall of ACQ, a quite long-wave anticline can be observed, which causes a complete 379 

doubling of the sedimentary succession from the Triassic dolostone to the Eocene Scaglia Fms 380 
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(Figure 5c,d). To the East of the OAS frontal ramp, the northern part of the Monti della Laga-381 

Gorzano fault (GOR) can be recognized (Figures 2, 5c,d, 6). In this zone, seismic interpretation 382 

suggests a very low displacement associated with this fault (perhaps at the limit of resolution of 383 

seismic data), which is consistent with the northward diminishing of GOR displacement observed 384 

at the surface (e.g., Boncio et al., 2004). Accordingly, it is very hard to find evidence of GOR close 385 

to the OAS thrust tip exposure (Figure 5a,b). In our interpretation, the northern portion of GOR 386 

seems completely confined at the ACQ hanging-wall. 387 

In the easternmost part of the study area, the ACQ foot-wall is characterized by the presence of 388 

several inherited normal faults that are still well-preserved and detectable within the back limb of 389 

the Montagna dei Fiori anticline (namely, the Montagna dei Fiori thrust sheet). Some of these 390 

faults show a prolonged extensional activity, from Mesozoic up to Miocene (Figure 5b), possibly 391 

similar to that exposed in the Montagna dei Fiori area (Figure 2). 392 

 393 

Figure 5.  394 

 395 

6.3. Example 3 - The Monti della Laga-Gorzano fault (GOR) in the Campotosto area and its long 396 

evolution 397 

In the Campotosto lake area, the relationships between GOR, which is known for its surface 398 

expression, and the ACQ at depth is visible in the seismic profiles (Figure 6). Based on them, for 399 

the Acquasanta thrust system, an arrangement was defined analogously to that observed in the 400 

northern zone (Figures 4 and 5). It is mainly characterized by a long-wave anticline that causes a 401 

complete doubling of the sedimentary succession from the Triassic dolostone to the Eocene 402 

Scaglia Fm. ACQ horizontal displacement in the Campotosto area is in the order of 10 km. 403 

Similarly, to the northern zone, we observe inherited normal faults well-preserved in the thrust 404 
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sheet at the ACQ foot-wall. Conversely, at the ACQ hanging-wall, we find robust evidence of GOR 405 

normal fault as being located in the back limb of the Aquasanta anticline, in agreement with 406 

information from surface geology (Figure 2). 407 

 408 

Figure 6.  409 

 410 

Data analyzed in this work confirm that GOR had a prolonged Miocene activity, as already known 411 

from field data on facies distribution within the Laga formation (Marini et al., 2011). Moreover, 412 

we found strong evidence that this fault was detached from its root by the propagation of ACQ 413 

during the early Pliocene and passively transported at its hanging-wall. Minor back thrusts to the 414 

West of GOR and associated with ACQ development can be also recognized.  415 

 416 

6.4. Example 4 - The relationship between ACQs and GRS thrusts 417 

To the West of the zone of example 3, the relationships between ACQs and Gran Sasso thrust 418 

sheet (GRS) can be investigated. Information coming from surface geology plays a primary role, 419 

given the generally low quality of seismic profiles in this zone (Figure 6). The GRS overlaps the 420 

ACQ, while the geometry of ACQ at depth cannot be precisely defined.  421 

The geometries of Capitignano (CAP), S. Giovanni (SGV), and Pizzoli (PIZ) extensional faults and 422 

their relationship with the shallow architecture of the chain are constrained by field data (Chiarini 423 

et al., 2014), whereas their Quaternary activity has been established in recent works (Cinti et al., 424 

2018; Civico et al., 2016). CAP and SGV, which control the intermontane Montereale basin (Figure 425 

2) Quaternary evolution, are expected to displace at least GRS (Figure 6). However, a pre-thrusting 426 

activity is testified by the complex setting of outcropping pre-Quaternary units, which cannot be 427 

fully explained by thrust tectonics only. Moreover, the maximum total displacement of at least 428 

1500 m, recorded in the south-eastern part of PIZ, is a cumulated result of Jurassic and pre-429 
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thrusting Miocene fault activities, as testified by the syn-sedimentary facies distribution. A 430 

Quaternary activity finally controlled the development of the Pizzoli-Barete intermontane basin 431 

(Figure 2). 432 

 433 

7.The 3D model 434 

The interpretation of the available subsurface dataset, constrained by surface information, led to 435 

the build-up of a comprehensive, three-dimensional geological model of the area (Figure 7).  436 

 437 

Figure 7.  438 

 439 

The main tectonic features in the analyzed crustal volume can be described as taking advantage of 440 

the isochrone structural map of the horizon representing the top of the Marne a Fucoidi Fm. (FUC 441 

green marker in the seismic interpretation; Figure 3) over the whole area, extracted from the 3D 442 

model (Figure 8).  443 

 444 

Figure 8. 445 

 446 

The principal thrust strikes vary moving from North to South in the study area. In the northern 447 

zone, at the ACQ hanging-wall normal faults generally do not affect the FUC horizon, especially 448 

toward the East of OAS, and the main antiform axes show a N-S trend. In the northeastern zone 449 

the inherited faults located at the ACQ foot-wall have a predominant N-S trend (Figures 4, 7b, and 450 

8b) and are substantially parallel to the structures developed and/or transported at the ACQ 451 

hanging-wall. In the central and especially in the internal zone toward the southwest, a more 452 

complex setting can be observed, with NNW-SSE trending thrusts, shorter wavelengths of 453 
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associated anticlines, and a more pronounced NW-SE trending of normal faults either at ACQ 454 

hanging-wall or footwall. Moreover, several of the shallower faults with a clear surface expression 455 

(e.g., GOR, CAP, SGV, PIZ, BOR, CIT; Figure 8a) strongly displace the FUC horizon. 456 

 457 

8.Discussion 458 

The interpretation of a large dataset of seismic reflection profiles and deep well logs, paired with a 459 

detailed analysis of the surface geology, allowed us to reconstruct a well-constrained 3D model of 460 

the area hit by the 2016-2017 seismic sequence in Central Italy. We consider this 3D model as a 461 

powerful tool to better understand the architecture of the chain itself, as well as to make new 462 

inferences on the seismotectonics of the region, focusing in particular on the relationship between 463 

identified structures and the major earthquakes and related seismic sequences that occurred in 464 

the last decades in the Central Apennines. 465 

In the following paragraphs, we will discuss in detail our results and their seismotectonic 466 

implications, and compare the main geological features of the 3D model with the seismicity 467 

distribution in the study area (Valoroso et al., 2013; Michele et al., 2020). 468 

 469 

8.1. Inherited normal faults 470 

The first-order architecture of the shallow portion (<10 km) of the Central Apennines crust is still 471 

dominated by large-scale compressional structures rather than extensional ones, despite the 472 

ongoing extensional stress field (Montone and Mariucci, 2016; Buttinelli et al., 2018).  473 

The presence of pre-existing normal faults, inherited from previous extensional tectonic phases, is 474 

very clear since several of those are well-preserved and identifiable at the surface within the inner 475 

part of the thrust sheets (Figure 4). These normal faults accumulated the observed displacement 476 

mostly during the Mesozoic and Cenozoic. The Mesozoic stage contributed to the development of 477 
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large-scale normal faults with up to 500 m of stratigraphic displacement, while the Miocene 478 

faulting stage caused the reactivation and new formation of faults with displacements up to 1000 479 

m (e.g., BOR and PIZ, Pierantoni et al., 2013, Figure 8).  480 

During the compressional regime, several pre-existing normal faults were vertically segmented by 481 

the thrust development (e.g., Scisciani et al., 2002, and references therein). 482 

In the study area, the Meso-Cenozoic sedimentary successions (with their internal facies variations 483 

and inherited normal faults) were completely detached from their substratum and transported at 484 

the hanging-wall of major thrusts (e.g., OAS and ACQ). According to this reconstruction, most of 485 

the faults currently exposed at the surface might be rootless. Their beheaded roots are located at 486 

depth and still confined in the thrusts foot-wall (Figures 4, 5 and 6, 7b) in a more internal position 487 

of the mountain chain concerning their rootless counterpart, not having any direct relationship 488 

with the geological setting at the surface.  489 

Finally, a new extensional phase is set in the axial part of the chain from the Early Pleistocene (e.g., 490 

Dramis, 1992; Cavinato and DeCelles, 1999), and it is still ongoing. From this viewpoint, it is worth 491 

noting that relic faults in the thrust foot-walls are currently located at seismogenic depth and, if 492 

well oriented in the current stress field, might be reactivated, possibly generating even large 493 

magnitude earthquakes. In our view, the current extensional regime is driving not only the 494 

activation of newly formed faults but also a widespread reactivation of portions of preexisting 495 

faults. 496 

 497 

8.2. Interaction between normal faults and major thrusts 498 

Within the investigated crustal sector, the large thrust systems of OAS, ACQ, and GRS (Figures 7 499 

and 8) played a major role in segmenting the pre-existing normal faults, but might also have 500 

influenced the development of new ones. Moreover, under the current NE-SW extensional 501 
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regime, the steeper portions of thrusts might have been reactivated and affected by negative 502 

inversion.  503 

Both the OAS and ACQ are rooted within the pre-Upper Triassic sedimentary succession and 504 

generally show a ramp geometry where they cut through the Upper Triassic and Jurassic 505 

successions at their foot-wall. This is an effect of the mechanical stratigraphy which controls the 506 

thrust geometries during their development (Bonini et al., 2019).  507 

Additionally, the ramp of OAS is steeper than its original geometry as a consequence of the 508 

development of new and more external thrusts (ACQs, ACQ, and MF), which tilted and folded the 509 

thrust sheets at their hanging-walls (e.g., Storti et al., 2018, and references therein).  510 

In our reconstruction, the OAS is rooted within the Permo-Triassic sedimentary succession (e.g., 511 

Scisciani et al., 2014, and reference therein; Figure 4), which was involved in the thrust 512 

propagation together with the Mesozoic units. The entire sedimentary succession had been 513 

already dissected by Mesozoic and Miocene normal faults (e.g., NOR, CSN and VET). Therefore, a 514 

widespread process of vertical segmentation of such faults occurred during the Sibillini thrust 515 

sheet development. The “pre-thrusting” NOR and VET systems were cut and passively transported 516 

without their roots onto the OAS hanging-wall (Figure 9a). Since transported on a relatively steep 517 

W-dipping ramp, the more these normal faults are located in the inner sector of the chain (i.e. to 518 

the West), the more they are wide. Due to their original different strike (NW-SE) compared to the 519 

OAS frontal ramp one (ca. N-S), the width of these normal faults also increases toward NW 520 

(Figures 4 and 7b), depending on the higher thickness of the Sibillini thrust sheet hosting them.  521 

While recent studies argue for a significant displacement (1000-1300 m) of OAS due to VET 522 

Quaternary activity (e.g., Porreca et al., 2018, 2020), our analysis does not support displacements 523 

larger than 300-400 m (Figures 4 and 9a), taking into account our seismic profiles interpretation. 524 

This result has relevant consequences when assessing the current slip rate of this fault. 525 
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Being VET a rootless transported fault, a significant amount of its Quaternary activity should result 526 

in a visible displacement of OAS and of the underlying horizons that in our interpretation is not 527 

recognizable on the seismic profiles (Figure 4). Conversely, a slight displacement of the reflectors, 528 

close to the lowest resolution of the seismic data, which is what the data shows (Figure 4 and 5a), 529 

is compatible with a limited interaction during the post-thrusting extensional faulting. 530 

This interpretation is also in agreement with the detailed geological analysis performed by 531 

Brozzetti et al. (2019) and Stendardi et al. (2020) in the area, and consistent with the amount of 532 

recent infilling related to VET activity in the close Castelluccio basin (Sapia et al., 2019; Villani et 533 

al., 2019 a; 2019 b, Figures 2 and 9a).  534 

To the South, GOR today is at ACQ hanging-wall and OAS foot-wall. Inherited normal faults are 535 

well-preserved at the ACQ foot-wall (Figures 6, 7b, and 9d). In the back limb of the Aquasanta 536 

anticline, in correspondence with the Campotosto lake zone, we found the most robust subsurface 537 

evidence for GOR, which also has a clear surface expression. Here, surface geology and literature 538 

models (e.g., Centamore et al., 1992; Bigi et al., 2011; 2013; Falcucci et al., 2016) show at least 539 

1000 m of UMH stratigraphic displacement along GOR. A previous interpretation proposed a listric 540 

geometry and a prolonged extensional activity for the GOR during Miocene times which was 541 

related to the foreland flexure (Bigi et al., 2013).  542 

Our analysis confirms the long-lasting activity of GOR in the Campotosto area. Not only GOR 543 

conditioned the Upper Miocene pre-evaporitic Laga foredeep sedimentation but it also strongly 544 

offsets the FUC with a NW-SE trend (Figures 6 and 8) and a thickness increase of Scaglia succession 545 

(Figure 2), implying a prolonged extensional activity far after the Cretaceous. GOR continued to act 546 

like a normal fault, developing most of its displacement while controlling the deposition of the 547 

Messinian Laga units in a foredeep environment. This interpretation is also supported by the 548 

infilling of the facing Amatrice Quaternary basin, which has a very limited thickness (up to 60 m, 549 
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Mancini et al., 2019) if compared to the stratigraphic displacement of the GOR at the surface. Also, 550 

in this case, this result has consequences on the assessment of the current slip rate of GOR. 551 

Remarkably, seismic profiles interpretation shows that GOR was vertically segmented by the ACQ 552 

development, detached from its deeper part, then transported towards the East for at least 8 km 553 

at the ACQ hanging-wall and partially upheaved, resulting today in a rootless normal fault (Figures 554 

5 and 6).  555 

The 3D geological model (Figure 7) also allows inferring that during its propagation ACQ probably 556 

faced an inherited structural high that partially hampered its propagation. This interpretation is 557 

based on the considerable depth change of the ACQ, which became shallower moving from the 558 

North to the South (Fig. 7b). This is also supported by the changing depth of the FUC horizon along 559 

the anticline axis (from 800-900 ms to 100 ms, Figure 8). The well-preserved inherited normal 560 

faults at the ACQ foot-wall could represent part of the border of such inherited, sizable structural 561 

high made up of Mesozoic carbonate successions (Figure 6b). Moreover, GOR was probably one of 562 

the large normal faults bounding the same structural high in a more internal area, before the 563 

compression inset. Tomographic images, being the result of an analysis grounded on indirect 564 

observations also provide information on a positive velocity anomaly in the shallow crust of the 565 

Acquasanta-Campotosto-L’Aquila area (consistent to an upheaved volume of calcareous rocks), 566 

with an upper limit at a shallow depth (3-5 km; Di Stefano et al., 2011; Buttinelli et al., 2018; 567 

Chiarabba et al., 2019; 2020).  568 

We suggest that at the present GOR is vertically juxtaposed to a pre-existing normal fault with a 569 

NW-SE strike that is located at the ACQ foot-wall. This deeper fault was located in a more external 570 

foreland area with respect to GOR original position, before the compressional phase (Figure 6). 571 

Intriguingly, in the Campotosto area, its strike is quite similar to the GOR one (Figure 8).  572 
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We cannot exclude also in this case interaction between parts of these faults. An incipient 573 

horizontal and vertical linkage between VET and GOR, as well as GOR and the fault at the ACQ 574 

foot-wall, may be ongoing, especially in the proximity of the southern and northern terminations 575 

of the faults and where the fault strikes are similar (Figures 5b, 7 and 8). A soft linkage, indeed, 576 

was proposed to explain the coseismic ruptures observed during the 2016-2017 seismic sequence 577 

in the area to the North of Amatrice town (e.g., Civico et al., 2018; Villani et al., 2018) while other 578 

studies suggested a potential relay zone between them (Pizzi et al., 2017).  579 

We support the hypothesis, as also recently proposed by Tondi et al. (2020), that recurrent 580 

ruptures associated with large earthquakes like the ones of the 2016-2017 sequence are possibly 581 

causing the connection of different inherited normal faults, vertically cut off and juxtaposed to 582 

each other during the compressional tectonic phase. We hypothesize that this could be a 583 

widespread process occurring throughout the Central Apennines which controls the current 584 

seismotectonics of the whole area. 585 

 586 

8.3. Comparing the 3D model with Central Italy seismic sequences 587 

We finally compared the geometry of the main tectonic discontinuities reported in the 3D model 588 

with the seismicity observed during the 2009 L’Aquila and 2016-2017 Central Italy sequences 589 

(Figure 9; Valoroso et al., 2013; Michele et al., 2020). The first comparison concerns the area of 590 

the Mw 6.5, 30 October 2016 mainshock, where the seismicity below the VET and the Castelluccio 591 

plain mostly aligns along the deep part of the OAS ramp (Figure 9a). This setting strongly favors 592 

the hypothesis of an extensional reactivation of the relatively steep ramp of the OAS during the 30 593 

October 2016 mainshock-aftershocks sequence, as already proposed by Bonini et al. (2019) and in 594 

agreement with what suggested by strong-motion inversions (Scognamiglio et al., 2018). 595 

Scognamiglio et al. 2018 proposed the activation of diverse fault segments with the following 596 
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geometry: a main normal fault plane striking N155° and dipping 47° belonging to the Mt. Vettore - 597 

Mt. Bove normal fault system, plus a secondary fault plane striking N210° and dipping 36° to the 598 

NW possibly coinciding with the lateral ramp of the OAS.  599 

The small Quaternary displacements observed at the surface, the thickness of the Castelluccio 600 

basin infilling, and the general coseismic deformation observed for the recent major seismic 601 

sequences (Villani et al., 2018) suggest that VET, a rootless inherited normal fault (above), is 602 

currently interacting with the deep part of the OAS thrust ramp (below), with the possible 603 

development of a linkage between them (Figure 10), as also supported by analog model 604 

experiments (Del Ventisette et al., 2021). In this complex scenario, we deduce that VET played a 605 

predominant role toward the north, where its width is greater (see Figure 7b, section 1). 606 

Conversely, the OAS frontal and lateral ramps would have accommodated most of the coseismic 607 

slip in the southern sector, where VET has a limited width (Figure 7b, section 2). 608 

Below Mount Vettore and the Castelluccio basin area (Figure 9a), at about 10 km depth, part of 609 

the 2016-2017 Central Italy seismic sequence mimics a gentle dipping distribution toward the East, 610 

below the top of the pre-Upper Triassic unit (PUT). Such low angle E-dipping alignment of small 611 

aftershocks does not follow any of the faults reconstructed in the model. It seems to abruptly 612 

disappear moving toward the South of Amatrice area and generally envelops the OAS and ACQ 613 

roots (Figure 10a). In our interpretation, it could be due to a brittle response of the pre-Upper 614 

Triassic unit to the stress transfer from the mainshocks. Pre-Upper Triassic unit is mostly 615 

constituted by sedimentary deposits including evaporites, with different fluid content and 616 

rheology compared to the above units mostly made by limestone. Such contrast might have 617 

hampered fluid diffusion after the mainshocks, causing fluid overpressure and forcing brittle 618 

behavior of this unit. This phenomenon was already proposed for the 30 October 2016, Mw 6.5 619 

mainshock based on seismological observations (Chiarabba et al., 2020). 620 
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Conversely, nearby the Mw 6.0, 24 August 2016 mainshock in the Amatrice area, the deep 621 

seismicity does not align on any particular structure or horizon, while it still gently dips eastward 622 

(Figure 9b).  623 

The hypocenter of the 24 August 2016 mainshock falls close to the deep part of the GOR northern 624 

prolongation (Figure 9b). The aftershock sequence is mostly absent around the mainshock and the 625 

focal mechanism suggests the activation of a fault with a 49° west-dipping plane. This is also 626 

confirmed by InSAR ground deformation inversions, along with strong motion analysis, which 627 

identifies two slip patches (Cirella et al., 2018; Walters et al., 2018), interpreted as a relatively 628 

steeply dipping fault surface to the South and a shallow dipping one to the North (Bonini et al., 629 

2016).  630 

Few scattered coseismic ruptures have been observed on the surface prolongation of the GOR 631 

close to Amatrice after the 24 August 2016, Mw 6.0 mainshock (Emergeo Working Group, 2016; 632 

Villani et al., 2018, Civico et al., 2018). In our interpretation, the 24 August 2016 event could have 633 

nucleated in the deeper, northern segment of the GOR system (Figure 9b), possibly involving a 634 

partial reactivation of the deep ramp of the ACQs during the mainshock. Conversely, to the South 635 

of the mainshock, the aftershock distribution suggests a possible reactivation of the ACQ deep 636 

ramp (Figure 9c).  637 

South of Amatrice, in the Campotosto lake area, the Mw>5 2009 L’Aquila and 18th January 2017 638 

Central Italy mainshocks (Michele et al., 2020) align on a normal fault located ca. 5 km to the West 639 

of the GOR and are completely confined at the ACQ foot-wall (Figure 9c). Intriguingly, GOR and the 640 

inherited normal fault in the ACQ foot-wall are close and with a similar strike (Figures 7a and 8).  641 

A vertical segmentation of the inherited normal faults due to ACQ explains why the observed 642 

recent seismicity in the Campotosto area mostly below 3-4 km depth during both seismic 643 

sequences (Bigi et al., 2013; Valoroso et al., 2013; Buttinelli et al., 2018, Improta et al., 2018, 644 
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Michele et al., 2020; Figure 9d). Based on our 3D reconstruction, the seismicity that affected the 645 

Campotosto area both in 2009 and 2017 can be ascribed to the reactivation of inherited normal 646 

faults preserved at the ACQ foot-wall, rather than by the reactivation of the GOR or by the 647 

development of a newly formed fault (Figure 10b).  648 

It should be noted that only in the Campotosto area, where ACQ is relatively shallow, we observe 649 

a repeated reactivation of inherited extensional faults at the ACQ foot-wall. Moreover, carefully 650 

looking at the distribution of 2009 L’Aquila and 18th January 2017 events, we might hypothesize 651 

that two different faults were reactivated: one more to the east, activated in April 2009, and one 652 

more to the West, activated in January 2017 (Figures 9c and 9d). In both cases, the faults were just 653 

below ACQ and separated from GOR.  654 

GOR is mainly NW-SE trending, whereas normal faults in the ACQ foot-wall mostly trend N-S in the 655 

northern sectors, slightly rotating toward NNW-SSE and more frankly NW-SE in central and 656 

southwestern zones ( Figures 7a, 8b, and 10). Thus, there are places where these segments of fault 657 

relics tend to be closer and with similar strikes (slightly to the North of Campotosto lake). This 658 

implies that GOR and the fault in ACQ foot-wall activated during 2009 and 2017 are relatively far 659 

from each other in the Campotosto area to the South, while they tend to be closer to the North, in 660 

the Amatrice area, displaying less than 2 km horizontal gap (Figures 6 and 9d). Therefore, they 661 

might interact in case of moderate seismic events on the deeper faults, through a progressive 662 

“capture” process (e.g., 18 January 2017, M>5 events). The two different faults could behave as 663 

one continuous fault only in limited areas, where they are likely in vertical continuity, allowing the 664 

slip that occurred on the deep fault segment to propagate up-dip on the shallower fault. This 665 

interpretation is supported by slip distributions based on joint GPS-InSAR inversions where the 666 

2009 and 2017 sequences remained substantially confined below 2-3 km depth (Cheloni et al., 667 

2019).  668 
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The role of ACQ in confining the up-dip propagation of the slip on the faults located at its foot-wall 669 

is also in agreement with the strain partitioning observed in analog models across pre-existing low 670 

dip discontinuities during the long-term development of normal faults (Bonini et al., 2015).  671 

Some investigators, by integrating surface geological surveys, paleoseismological data, and InSAR 672 

inversion, tried to model the GOR imposing a unique fault geometry from the surface down to 673 

hypocentral depth (Falcucci et al., 2018) to fit both the distribution of seismicity and ground 674 

deformation for 2009 and 2017 seismic events. The important results proposed in this work may 675 

provide further geological constraints to improve the simplified fault models produced by these 676 

authors. 677 

In our opinion, at the surface, the GOR could have moved repeatedly, although not very 678 

efficiently, reacting to the activation of a blind, deeper, and possibly larger normal fault. The 679 

likelihood of jumping ruptures propagation between adjacent faults has been extensively 680 

investigated also for the Central Apennines (e.g. Iezzi et al., 2019 and reference therein), thus we 681 

propose the occurrence of such a mechanism for GOR. 682 

Therefore, further investigation regarding the seismogenic potential of those faults should be 683 

conducted in this area, also exploring possible interactions between vertically juxtaposed faults 684 

down to seismogenic depths. 685 

Our interpretation could contribute to unravel the still open debate regarding (i) the current slip 686 

rates of GOR (Galadini and Galli, 2003; Falcucci et al., 2018; Porreca et al., 2018), (ii) the coseismic 687 

ruptures observed only on the northern part of GOR during the 2016-2017 seismic sequence 688 

(Falcucci et al, 2016; Civico et al., 2018; Villani et al., 2018; Tondi et al., 2020), as well as (iii) the 689 

lack of a well-developed intermontane basin in the Campotosto area (Mancini et al., 2019).  690 

 691 

Figure 9. 692 

 693 
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9.Conclusion 694 

A large dataset of subsurface data in the area of the 2016-2017 Central Italy seismic sequence was 695 

reviewed with the principal aim of producing a comprehensive 3D geological model and 696 

investigating the relationship between the shallow crust structural setting and the seismicity.  697 

The general setting of the Central Apennines crust is well described by the stacking of sedimentary 698 

units following the development of large-scale thrusts and secondarily by normal faults activity. 699 

Normal faults inherited from former tectonic phases are widespread in the shallow crust, where 700 

we found strong evidence of segmentation, transport, and preservation of faults segments within 701 

the different thrust sheets.  702 

The main results of the work (Figure 10) can be summarized as follows: i) the deep portion of the 703 

Sibillini thrust (OAS) is the fault that matches in a better way the hypocentral depth and the 704 

average rupture dip of the 30 October 2016, Mw 6.5 mainshock; ii) during the same mainshock, 705 

the inherited normal faults forming the Vettore fault system (VET) moved along with OAS causing 706 

the observed coseismic ruptures at the surface; iii) the 24 Agust 2016, Mw 6.0 mainshock possibly 707 

nucleated along the northern segment of the Gorzano-Monti della Laga fault system (GOR) at the 708 

OAS foot-wall in the Amatrice area, partially involving the inner splay (ACQs) of the Acquasanta 709 

thrust (ACQ); iv) the GOR fault was transported at the ACQ hanging-wall and vertically juxtaposed 710 

to several inherited normal faults located at the ACQ foot-wall, with a different strike. In the 711 

Campotosto area, the activation of inherited faults at the ACQ foot-wall is responsible for the 712 

majority of the moderate magnitude (M>5) seismicity observed in April 2009 and January 2017. 713 

Given the oblique orientation of such faults compared to GOR, an interaction between them could 714 

locally occur where they tend to be closer. 715 

Our interpretation opens up new questions regarding the understanding of Central Apennines 716 

seismotectonics. Every time a severe seismic sequence occurs, even though coseismic ruptures are 717 
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surveyed in detail and accurate location of seismic events are available, the lack of knowledge of 718 

subsurface faults geometry and their 3D arrangements makes it nearly impossible to discriminate 719 

if the seismic events have occurred on a single fault or several different faults segments. As a 720 

consequence, it is hard to define the full geometry of the seismogenic fault from the surface to 721 

seismogenic depths and to argue if the seismogenic fault is newly formed or is inherited from a 722 

previous tectonic phase, including that it be possibly blind, therefore without a direct surface 723 

expression.  724 

Our results suggest that fault segmentation, reactivation, capture, and interaction are processes 725 

much more developed than previously thought and that the reactivation of inherited thrust ramps 726 

due to negative inversion is a crucial point. It needs to be taken into account when evaluating 727 

seismic scenarios, assessing the related hazard of an area, and defining more realistically the 728 

seismogenic potential of faults. 729 

The very complex structural model proposed by this work provides a new viewpoint of the Central 730 

Apennines seismotectonics, an innovative basis for the seismic hazard assessment of this part of 731 

the Apennines mountain belt, and, in a wider perspective, a proxy for the seismotectonic 732 

characterization of other fold-and-thrust belts. 733 

 734 

Figure 10.  735 
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Figures-Tables captions 1077 

 1078 
Figure 1. Seismicity along the Central Apennines. A) Blue dots: instrumental seismicity from 1981 1079 
to 2019 (INGV catalog, http://terremoti.ingv.it/); red rhombus: historical seismicity from 1080 
CFTI5Med catalog (Guidoboni et al., 2019); b) Zoom into the study area with the distribution of the 1081 
recent seismic sequences. 1997 Colfiorito: light blue dots and green stars for mainshocks 1082 
(Chiaraluce et al., 2003); 2009 L’Aquila: orange dots and red stars for mainshocks (after Valoroso 1083 
et al., 2013); 2016-2017 Central Italy: purple dots (Chiaraluce et al., 2017 and Michele et al., 2020), 1084 
with yellow stars for 2016 and cyan stars for 2017 mainshocks (Improta et al., 2019 and 1085 
http://terremoti.ingv.it/, respectively). 1086 
 1087 
 1088 
Figure 2. Geological scheme of the study area (see Fig. 1 for location) and stratigraphic units 1089 
elaborated from the Geological Map of Italy 1:100.000 scale 1090 
(http://www.isprambiente.gov.it/it/cartografia/carte-geologiche-e-geotematiche/carta-geologica-1091 
alla-scala-1-a-100000); tectonics after Servizio Geologico d’Italia (2011). Red lines for main thrusts, 1092 
blue lines for normal faults; red stars for the L’Aquila 2009 mainshocks in the Campotosto lake 1093 
area; yellow stars for the 2016 Central Italy mainshocks; cyan stars for the Jan 2017 Central Italy 1094 
mainshocks in the Campotosto lake area. Section traces of the figures discussed in the paper: 1095 
black lines for interpreted seismic profiles, purple lines for geological sections. Green dots for 1096 
exploration wells (V1 – Varoni1; C1 – Campotosto1). CB – Castelluccio Basin; MRB – Montereale 1097 
Basin; PBB – Pizzoli-Barete Basin. The legend shows the age of the lithostratigraphic units: TR – 1098 
Triassic; J – Jurassic; J-C – Jurassic-Cretaceous; C-EO – Cretaceous-Eocene; EO-MIO – Eocene-1099 
Miocene; MIO - Miocene; PL - Pliocene; Q- Quaternary. The names of the formations mainly refer 1100 
to UMB and Laga basin, covering most of the study area. The upper-right inset shows the main 1101 
paleogeographic domains (UMB: Umbria-Marche pelagic Basin; LAP: Lazio-Abruzzi carbonate 1102 
Platform; LAP-trans: Transition from LAP to UMB) and Laga foredeep basin (LAGA).  1103 
 1104 
 1105 
Figure 3. Lithostratigraphic and seismostratigraphic units at the seismic tie of the Varoni 1 well 1106 
velocity-log with the seismic profiles in the area (see Fig. 2 for the well location). Several major 1107 
changes in the well velocity log can be easily related to many major and sharp variations of 1108 
reflectivity onto seismic profiles. A relationship is shown between the main reflectivity changes 1109 
and the stratigraphic succession in the study area. Six main seismic horizons have been chosen to 1110 
perform seismic interpretation (see text for details). The right panel shows a zoom into a seismic 1111 
profile displaying the internal architecture and the seismic facies of the units defined by the 1112 
principal horizons. 1113 
 1114 
 1115 
Figure 4. Main architecture of the Central Apennines as obtained by seismic interpretation (see 1116 
Figure 2 for the location of the seismic profile). a) Composite profile of seismic lines. b) Composite 1117 
profile interpretation, showing the fold-and-thrust belt pile mainly formed by the stack of thrust 1118 
sheets made up by the whole sedimentary succession. Main thrusts and normal faults are 1119 
reported. Thrusts: PAT – Patino; OAS – Sibillini; ACQ – Acquasanta; ACQs – Acquasanta internal 1120 
splay; MF – Montagna dei Fiori. Normal fault systems: NOR – Norcia; CSN – Castel Sant’Angelo sul 1121 
Nera; VET - Vettore. Details on seismic horizons in Figure 3 and Table 1. Vertical scale in TWT (two 1122 
way travel time, seconds), horizontal scale in km.  1123 
 1124 

http://terremoti.ingv.it/
http://terremoti.ingv.it/
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Figure 5. Structural setting of the Acquasanta thrust system as revealed by seismic interpretation 1125 
(see Figure 2 for the location of seismic profiles). a-c: uninterpreted composite seismic profiles; b-1126 
d: structural relationships between the OAS frontal ramp and the Acquasanta thrust system 1127 
(including ACQ, ACQs, and minor splays). The full development of the Acquasanta thrust system 1128 
and the structures at its foot-wall is shown. Main thrusts and normal faults are reported: OAS – 1129 
Sibillini thrust; ACQ – Acquasanta thrust; ACQs – Acquasanta internal splay; MF – Montagna dei 1130 
Fiori thrust; GOR – Gorzano normal fault. For the seismic horizons, see Figure 3 and Table 1. 1131 
Vertical scale in TWT (two way travel time, seconds), horizontal scale in km.  1132 
 1133 
 1134 
Figure 6. Structural setting of the Acquasanta thrust system in the Campotosto lake area (see 1135 
Figure 2 for the location of the seismic profile). Main thrusts, as well as normal faults, are 1136 
reported. ACQ – Acquasanta thrust; ACQs – Acquasanta internal splay; GRS- Gran Sasso thrust; 1137 
GAB – Gabbia thrust. For the seismic horizons, see Figure 3 and Table 1. Vertical scale in TWT (two 1138 
way travel time, seconds), horizontal scale in km. a) Uninterpreted version of the composite 1139 
seismic profile. b) Relationships between Acqusanta thrust system, GOR fault at its hanging-wall, 1140 
and inherited normal faults at its foot-wall. In the backlimb of the Acquasanta anticline, the 1141 
relationship between ACQs, GRS and GAB thrusts, and CAP – Capitignano, SGV – San Giovanni, and 1142 
PIZ – Pizzoli normal faults is shown.  1143 
 1144 
 1145 
Figure 7. a): 3D geological model of the study area. main thrusts (red surfaces), normal faults (dark 1146 
blue surfaces), and horizons surfaces (see Figures 2 and 3 and Table 1 for further details) are 1147 
shown; view from the North. b): geological sections extracted from the model, which show the 1148 
relationships between OAS, ACQ, GOR, and VET structures and the main horizons; view from 1149 
South-East.  1150 
 1151 
 1152 
Figure 8. a) Isochrone structural map of top Marne a Fucoidi Fm. (isobaths depth in two-way 1153 
times, ms). Datum plane is set at 1000 m a.s.l. Major tectonic structures as thrusts, back-thrusts, 1154 
and normal faults affecting this surface are reported along with the location of Varoni-1 (V1) and 1155 
Campotosto-1 (C1) exploration wells. Normal faults: VET – Vettore system; CIT – Cittareale; BOR – 1156 
Boragine; PIZ – Pizzoli; SGV – San Giovanni; CAP – Capitignano; - GOR – Monti della Laga-Gorzano. 1157 
Thrusts: ACQ – Acquasanta; ACQs – Acquasanta internal splay; OAS – Sibillini; GRS – Gran Sasso; 1158 
GAB – Gabbia. b) Trace of normal faults (dashed grey lines) recognized at the foot-wall of ACQ. 1159 
These faults do not affect ACQ in the represented zone. 1160 
 1161 
 1162 
Figure 9 a-d. Geological cross-sections extracted from the depth converted 3D model of the study 1163 
area (see Figure 2 for the location of traces) and relationship with the seismic sequences: 2009 1164 
L’Aquila (light blue dots; Valoroso et al., 2013) and 2016-2017 Central Italy (black dots; Michele et 1165 
al., 2020). Both sequences are projected from a distance of 1 km from the profiles. Focal 1166 
mechanisms for M>5 mainshocks of both the sequences are reported (http://terremoti.ingv.it/ 1167 
catalog and Scognamiglio et al., 2018). For the stratigraphic succession, refer to Figure 3 and Table 1168 
1). 1169 
 1170 
 1171 
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Figure 10. interpretative scheme of the analyzed tectonic structures across the area interested by 1172 
the 2009 and 2016-2017 seismic sequences. Main structural features as well as principal 1173 
stratigraphic horizons (see Figures 3 and 4 for detailed descriptions) are reported to highlight the 1174 
main architecture of this part of the Apennines chain (red lines and surfaces for thrusts, and blue 1175 
lines and surfaces for normal faults). This scheme represents the fault segments possibly 1176 
reactivated during the sequences (grey areas) according to the observed seismicity distribution 1177 
and other geological and geophysical coseismic evidence. Yellow circle A: Sibillini thrust front area; 1178 
orange circle B: Campotosto area. Location of mainshock hypocenters of both the sequences 1179 
(stars: orange and yellow for the 2016 events, cyan for 2017, and light green for the 2009 ones, 1180 
after Valoroso et al., 2013 and Michele et al., 2020) are also reported to illustrate the proposed 1181 
correlation with reactivated structures.  1182 
 1183 
 1184 
Table 1: Seismostratigraphic scheme with seismic facies and corresponding lithostratigraphic units. 1185 
The velocity values (Vp) used for depth conversion of seismic interpretation derive from the 1186 
analysis of all the well logs within the study area and the surrounding region (Supplementary 1187 
Material; Montone and Mariucci, 2020)   1188 



42 

Appendix A 1189 
1190 

Figure A.1. Distribution of available dataset of underground data in the study area (black lines for 1191 
seismic profiles and red dots for exploration wells) with respect to surface geology (see figure 2 of 1192 
the manuscript for further details) 1193 



TABLE 1. LITHOLOGY DESCRIPTION AND VELOCITY VALUES USED FOR DEPTH CONVERSION 

Litho unit Seismic facies Lithostratigraphic units Vp (m/s) 

MIO 
Medium- to high-amplitude seismic 
reflectors and heterogeneous seismic 
pattern, often characterized by strong and 
discontinuous seismic reflectors. 

Siliciclastic sediments of the Laga foredeep. Pre-
evaporitic sub-unit in the western part of the study 
area, evaporitic and post-evaporitic sub-units in the 
eastern and northern parts. Thickness: 500 – 3500 m. 

4000 

EO-MIO 
Slightly transparent seismic facies with 
strong reflectors in its upper part (UMH 
reflector). 

Marly limestones, marls and clayey marls  

(Scaglia Cinerea, Bisciaro, Marne con Cerrogna, Marne 
a Pteropodi Fms.). Thickness: 250 - 1000 m. 

4800 

C-EO

Repetition of transparent and medium-to-
high amplitude reflectors. The top is 
marked by VAS seismic reflector, 
characterized by generally continuous 
signals with medium-to high-amplitude. 

Pelagic limestones and marly limestones with chert, 
locally interbedded with resedimented calcareous-
clastic deposits (Scaglia Bianca, Scaglia Rossa, and 
Scaglia Variegata Fms).The internal architecture of 
this succession is well imaged on high-quality seismic 
profiles.  Thickness: 250 - 650 m. 

5800 

J-C

Continuous, medium- to high-amplitude 
and medium frequency reflectors. The top 
is marked by FUC seismic reflector, 
characterized by strong and continuous 
signals with high reflection coefficient. 

Pelagic limestones, cherty limestones and marls 
(Corniola, Marne del Monte Serrone, Calcari 
diasprigni, Calcari e marne a filaments, Maiolica and 
Marne a Fucoidi Fms.). Thickness: 500 - 1500 m. 

5900 

J 
Transparent seismic facies embedded 
between the high amplitude ITR reflectors 
and the layered J-C unit. 

Massive or coarsely bedded peritidal limestones 
(Calcare Massiccio Fm.). Thickness: 700 - 1000 m.  

6400 

TR 
High-amplitude seismic reflectors, 
generally layered and continuous. ITR 
reflector within the unit is generally well 
recognizable in the entire seismic dataset. 

Gypsum–anhydrites and dolostones, with alternating 
dolostones and packstone-grainstones in the upper 
part (Dolomia Principale, Anidriti di Burano Fms.). 
Mean thickness: ~ 1700 m. 

6500 

PUT 
High-amplitude continuous seismic 
reflectors showing consistent layering 
similar to TR (thickness up to 0.7-1 s TWT). 

Phyllites, sandstones and conglomerates resting 
above a basement made up of igneous complexes and 
Hercynian meta-sedimentary deposits. These units do 
not outcrop neither have been drilled in the study 
area but they are known in wells located to the 
west(e.g., San Donato 1 and Perugia 2 wells) and in 
the Adriatic Sea (e.g., Alessandra 1 well). Mean 
thickness: ~ 2700 m. 

6500 

Buttinelli, TABLE 1 

Table 1: Seismostratigraphic scheme with seismic facies and corresponding lithostratigraphic units. 
The velocity values (Vp) used for depth conversion of seismic interpretation derive from the 
analysis of all the well logs within the study area and the surrounding region (Supplementary 
Material; Montone and Mariucci, 2020) 
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INGV seismic catalogue Mainshocks (M>5.5)
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Figure 1. Seismicity along the Central Apennines. A) Blue dots: instrumental seismicity from 1981 to 2019 (INGV 
catalog, http://terremoti.ingv.it/); red rhombus: historical seismicity from CFTI5Med catalog (Guidoboni et al., 2019); 
b) Zoom into the study area with the distribution of the recent seismic sequences. 1997 Col�orito: light blue dots
and green stars for mainshocks (Chiaraluce et al., 2003); 2009 L’Aquila: orange dots and red stars for mainshocks
(after Valoroso et al., 2013); 2016-2017 Central Italy: purple dots (Chiaraluce et al., 2017 and Michele et al., 2020),
with yellow stars for 2016 and cyan stars for 2017 mainshocks (Improta et al., 2019 and http://terremoti.ingv.it/,
respectively).
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Figure 2. Geological scheme of the study area (see Fig. 1 for location) and stratigraphic units elabora-
ted from the Geological Map of Italy 1:100.000 scale (http://www.isprambiente.gov.it/it/cartogra-
�a/carte-geologiche-e-geotematiche/carta-geologica-alla-scala-1-a-100000); tectonics after Servizio
Geologico d’Italia (2011). Red lines for main thrusts, blue lines for normal faults; red stars for the
L’Aquila 2009 mainshocks in the Campotosto lake area; yellow stars for the 2016 Central Italy main-
shocks; cyan stars for the Jan 2017 Central Italy mainshocks in the Campotosto lake area. Section
traces of the �gures discussed in the paper: black lines for interpreted seismic pro�les, purple lines for
geological sections. Green dots for exploration wells (V1 – Varoni1; C1 – Campotosto1). CB – Castel-
luccio Basin; MRB – Montereale Basin; PBB – Pizzoli-Barete Basin. The legend shows the age of the
lithostratigraphic units: TR – Triassic; J – Jurassic; J-C – Jurassic-Cretaceous; C-EO – Cretaceous-Eocene;
EO-MIO – Eocene-Miocene; MIO - Miocene; PL - Pliocene; Q- Quaternary. The names of the formations
mainly refer to UMB and Laga basin, covering most of the study area. The upper-right inset shows the
main paleogeographic domains (UMB: Umbria-Marche pelagic Basin; LAP: Lazio-Abruzzi carbonate
Platform; LAP-trans: Transition from LAP to UMB) and Laga foredeep basin (LAGA).

Figure 2



ITR

MAS

FUC

VAS

UMH

BUR

Varoni-1 well
1 s

ec
 tw

t

pre- Upper Triassic

Dolostones
Evaporites

TR

J

J-C

C-EO

EO-MIO

MIO
PL
Q

Calcare Massiccio

Corniola

Marne M.te Serrone

Diaspri/Filaments

Maiolica

Marne a Fucoidi

Scaglia Cinerea

Bisciaro

Marne con Cerrogna

Marne a Pteropodi

Laga
Plio-Pleist. deposits

Continental deposits

Scaglia succession
(Bianca-Rossa

Variegata)

PUT

ITR

MAS

FUC

VAS

UMH

BUR

1 s
ec

 tw
t

Figure 3. Lithostratigraphic and seismostratigraphic units at the seismic tie of the Varoni 1 well veloci-
ty-log with the seismic pro�les in the area (see Fig. 2 for the well location). Several major changes in the 
well velocity log can be easily related to many major and sharp variations of re�ectivity onto seismic 
pro�les. A relationship is shown between the main re�ectivity changes and the stratigraphic succession 
in the study area. Six main seismic horizons have been chosen to perform seismic interpretation (see 
text for details). The right panel shows a zoom into a seismic pro�le displaying the internal architecture 
and the seismic facies of the units de�ned by the principal horizons.
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Figure 4. Main architecture of the Central Apennines as obtained by seismic interpretation (see Figure 2 for the 
location of the seismic pro�le). a) Composite pro�le of seismic lines. b) Composite pro�le interpretation, 
showing the fold-and-thrust belt pile mainly formed by the stack of thrust sheets made up by the whole sedi-
mentary succession. Main thrusts and normal faults are reported. Thrusts: PAT – Patino; OAS – Sibillini; ACQ – 
Acquasanta; ACQs – Acquasanta internal splay; MF – Montagna dei Fiori. Normal fault systems: NOR – Norcia; 
CSN – Castel Sant’Angelo sul Nera; VET - Vettore. Details on seismic horizons in Figure 3 and Table 1. Vertical scale 
in TWT (two way travel time, seconds), horizontal scale in km. 

Figure 4



OAS

ACQ

MF

c)

d)

1 km

1 km

1 km

W E

1

0.5

1.5

2.5

2

0
TWT (s)

1 km

W E

1

0.5

1.5

2.5

2

0
TWT (s)

ACQ

OAS

a)

b)

Figure 5. Structural setting of the Acquasanta thrust system as revealed by seismic interpreta-
tion (see Figure 2 for the location of seismic pro�les). a-c: uninterpreted composite seismic 
pro�les; b-d: structural relationships between the OAS frontal ramp and the Acquasanta thrust 
system (including ACQ, ACQs, and minor splays). The full development of the Acquasanta 
thrust system and the structures at its foot-wall is shown. Main thrusts and normal faults are 
reported: OAS – Sibillini thrust; ACQ – Acquasanta thrust; ACQs – Acquasanta internal splay; MF 
– Montagna dei Fiori thrust; GOR – Gorzano normal fault. For the seismic horizons, see Figure 3
and Table 1. Vertical scale in TWT (two way travel time, seconds), horizontal scale in km.
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Figure 6. Structural setting of the Acquasanta thrust system in the Campotosto lake area (see Figure 2 for the location of the seismic 
pro�le). Main thrusts, as well as normal faults, are reported. ACQ – Acquasanta thrust; ACQs – Acquasanta internal splay; GRS- Gran 
Sasso thrust; GAB – Gabbia thrust. For the seismic horizons, see Figure 3 and Table 1. Vertical scale in TWT (two way travel time, 
seconds), horizontal scale in km. a) Uninterpreted version of the composite seismic pro�le. b) Relationships between Acqusanta 
thrust system, GOR fault at its hanging-wall, and inherited normal faults at its foot-wall. In the backlimb of the Acquasanta anticline, 
the relationship between ACQs, GRS and GAB thrusts, and CAP – Capitignano, SGV – San Giovanni, and PIZ – Pizzoli normal faults is 
shown. 
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Figure 7. a): 3D geological model of the study area. main thrusts (red surfaces), normal faults 
(dark blue surfaces), and horizons surfaces (see Figures 2 and 3 and Table 1 for further details) 
are shown; view from the North. b): geological sections extracted from the model, which 
show the relationships between OAS, ACQ, GOR, and VET structures and the main horizons; 
view from South-East. 
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Figure 8. a) Isochrone structural map of top Marne a Fucoidi Fm. (isobaths depth in two-way times, ms). Datum 
plane is set at 1000 m a.s.l. Major tectonic structures as thrusts, back-thrusts, and normal faults a�ecting this surface 
are reported along with the location of Varoni-1 (V1) and Campotosto-1 (C1) exploration wells. Normal faults: VET – 
Vettore system; CIT – Cittareale; BOR – Boragine; PIZ – Pizzoli; SGV – San Giovanni; CAP – Capitignano; - GOR – Monti 
della Laga-Gorzano. Thrusts: ACQ – Acquasanta; ACQs – Acquasanta internal splay; OAS – Sibillini; GRS – Gran Sasso; 
GAB – Gabbia. b) Trace of normal faults (dashed grey lines) recognized at the foot-wall of ACQ. These faults do not 
a�ect ACQ in the represented zone.
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Figure 9 a-d. Geological cross-sections extracted from the depth converted 3D model of the study area (see 
Figure 2 for the location of traces) and relationship with the seismic sequences: 2009 L’Aquila (light blue 
dots; Valoroso et al., 2013) and 2016-2017 Central Italy (black dots; Michele et al., 2020). Both sequences are 
projected from a distance of 1 km from the pro�les. Focal mechanisms for M>5 mainshocks of both the 
sequences are reported (http://terremoti.ingv.it/ catalog and Scognamiglio et al., 2018). For the stratigraphic 
succession, refer to Figure 3 and Table 1).
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Figure 10. interpretative scheme of the analyzed tectonic structures across the area interested by the 2009 
and 2016-2017 seismic sequences. Main structural features as well as principal stratigraphic horizons (see 
Figures 3 and 4 for detailed descriptions) are reported to highlight the main architecture of this part of the 
Apennines chain (red lines and surfaces for thrusts, and blue lines and surfaces for normal faults). This 
scheme represents the fault segments possibly reactivated during the sequences (grey areas) according to 
the observed seismicity distribution and other geological and geophysical coseismic evidence. Yellow circle 
A: Sibillini thrust front area; orange circle B: Campotosto area. Location of mainshock hypocenters of both 
the sequences (stars: orange and yellow for the 2016 events, cyan for 2017, and light green for the 2009 
ones, after Valoroso et al., 2013 and Michele et al., 2020) are also reported to illustrate the proposed correla-
tion with reactivated structures. 
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