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Abstract 1 

We investigate the Middle Aterno Valley fault system (MAVF), unknown poorly investigated 2 

seismic gap in the central Apennines, adjacent to the 2009 L‟Aquila earthquake epicentral area. 3 

Geological and paleoseismological analyses revealed that the MAVF evolved through hanging wall 4 

splay nucleation, its main segment moving at 0.23-0.34 mm/year since the Middle Pleistocene; the 5 

penultimate activation event occurred between 5388-5310 B.C. and 1934-1744 B.C., the last event 6 

after 2036-1768 B.C. and just before 1
st
-2

nd
 century AD. These data define hard linkage (sensu 7 

Walsh and Watterson, 1991; Peacock et al., 2000; Walsh et al., 2003, and references therein) with 8 

the contiguous Subequana Valley fault segment, able to rupture in large magnitude earthquakes (up 9 

to 6.8), that did not rupture since about two millennia. By the joint analysis of geological 10 

observations and seismological data acquired during to the 2009 seismic sequence, we derive a 11 

picture of the complex structural framework of the area comprised between the MAVF, the 12 

Paganica fault (the 2009 earthquake causative fault) and the Gran Sasso Range. This sector is 13 

affected by a dense array of few-km long, closely and regularly spaced Quaternary normal fault 14 

strands, that are considered as branches of the MAVF northern segment. Our analysis reveals that 15 

these structures are downdip confined by a decollement represented by to the presently inactive 16 

thrust sheet above thef Gran Sasso front limiting their seismogenic potential. Our study highlights 17 

the advantage of combining Quaternary geological field analysis with high resolution seismological 18 

data to fully unravel the structural setting of regions where subsequent tectonic phases took place 19 

and where structural interference plays a key role in influencing the seismotectonic context; this has 20 

also inevitably implications for accurately assessing seismic hazard of such structurally complex 21 

regions. 22 

 23 
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 1 

1. INTRODUCTION 2 

The central Apennines are probably the part of Italy where seismicity and active faulting are best 3 

documented (Barchi et al. 2000; Boncio et al., 2004; Galadini and Galli, 2000; Gori et al., 2011; 4 

Roberts and Michetti, 2004; Valensise and Pantosti, 2001). Nevertheless, some issues still remain 5 

unaddressed regarding the activity, paleoseismicity and Holocene kinematics of some Quaternary 6 

faults, whose current activity is undefined or debated,  and regarding some strong historical 7 

earthquakes whose causative faults are not ascertained yet. 8 

Situated in the core of the central Apennines, the middle Aterno River valley (Abruzzi region) is an 9 

area where these open questions are all present. Here, Galadini and Galli (2000) recognised NW-SE 10 

trending active normal faults, branching into the Middle Aterno Valley fault system (MAVF), a 11 

tectonic structure potentially responsible for large magnitude earthquakes. The Quaternary 12 

kinematics of this system, including its last activation, is still largely unknown, and no historical 13 

earthquakes documented in seismic catalogues (e.g. Rovida et al., 2011) can be surely ascribed to 14 

its activity. These factors make the MAVF a seismic gap area of central Italy that deserves special 15 

attention. 16 

The aim of this study is to document the Quaternary activity and structural evolution of the MAVF, 17 

on the basis of geological field survey and paleoseismological analyses. We also try to clarify the 18 

relation between the MAVF and the conterminous normal fault systems, whose fragmentation 19 

makes still uncertain the way in which adjacent segments interact during large earthquakes. We 20 

focus on the active normal faults near to the MAVF: the Subequana Valley fault (SVF), located to 21 

the south, and the Paganica fault (PF), the causative fault of the 2009 L‟Aquila earthquake, located 22 

to the north (Figs. 1 and 2). Based on geologic and paleoseismology data, Falcucci et al. (2011) 23 

hypothesised a kinematic linkage between the MAVF and the SVF, while a similar relation with the 24 

PF is debated. Indeed, on the one hand, Galli et al. (2010) suggested that part of the coseismic slip 25 

during the 2009 L‟Aquila earthquake took place also along the San Demetrio fault (SDF) which, 26 
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according to Galadini and Galli (2000), is part of the northern strand of the MAVF On the other 1 

hand, geologic/geodetic observations (Gori et al., 2012) attested solely sympathetic (sensu De Polo, 2 

1994, and references therein) movement of the SDF during the 2009 seismic sequence. 3 

Along with the debated coseismic activation in 2009, the structural characteristics and the long term 4 

evolution of the MAVF northern segment are still not understood. This tectonic system is made of a 5 

few km long, mainly parallel, closely and regularly spaced fault branches, distributed over a ~6 km 6 

wide belt; some of these branches displaced Early-to-Middle Pleistocene continental sequences 7 

(Bertini and Bosi, 1993). This structural complication and the ambiguous relation between the 8 

MAVF northern strand and the PF could be somehow influenced by the complex architecture of the 9 

belt resulting from the compressional phase (e.g. Chiarabba and Amato, 2003). 10 

We try to resolve the structural complexity of this area by complementing the anomalous dense 11 

array of fault segments mapped at the surface with the distribution of seismicity generated during 12 

the 2009 L‟Aquila sequence. The impressive seismological dataset of Valoroso et al. (2013) of 64k 13 

precisely located aftershocks, coupled with detailed surface geologic observations, helps us to 14 

constrain the geometry at depth of faults and their role in accommodating extension in the central 15 

Apennines, drawing a synoptic “4-D image” of the fault system. 16 

 17 

2. GEOLOGICAL SETTING 18 

2.1 Neotectonic framework 19 

The Apennines formation derives from the complex interaction between westward subduction and 20 

delamination of the continental lithosphere started in the Oligocene (Chiarabba and Chiodini, 2013; 21 

Chiarabba et al., 2014). The eastward migrating compression created a thrust front that “bulldozed” 22 

Meso-Cenozoic carbonate successions, piling up different tectonic units (Figs. 1a and b). At the 23 

chain rear, extension began during the Miocene-Pliocene, chasing the advancing compressive front. 24 

This new tectonic event – associated to 1000 m chain uplift through the Quaternary (e.g. 25 

D‟Agostino et al., 2001) – dismembered the structural edifice inherited by the compressional phase, 26 
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by the nucleation of chain-parallel (i.e. NW-SE trending) extensional fault systems. The activity of 1 

these structures in Plio-Quaternary times formed intermontane tectonic depressions that hosted 2 

continental deposition. 3 

Active extension in the central Apennines, at a rate of 3-5 mm/yr, is testified by GPS and InSAR 4 

time-series (e.g. Hunstad et al., 2009; Devoti et al., 2011; D‟Agostino et al., 2011) and supported by 5 

boreholes breakout data (Mariucci et al., 2010), instrumental seismicity (e.g. Bagh et al., 2007; 6 

Chiarabba et al., 2009) and geological data, which evidenced displacement of Late Pleistocene-7 

Holocene deposits along several normal fault systems (e.g. Barchi et al., 2000; Valensise and 8 

Pantosti, 2001; Boncio et al., 2004; Galadini et al., 2012). Some of the well exposed fault scarps 9 

have been associated to seismogenic sources able to rupture with large magnitude earthquakes (e.g., 10 

Galadini and Galli, 2000; Vannoli et al., 2012). The damage distribution of  historical earthquakes 11 

read along with geologic and paleoseismological data (e.g. Galli et al., 2008) do not permit a 12 

complete association between the strongest seismic events and the central Apennine normal faults 13 

(Fig. 1c).  14 

The 2009 L‟Aquila earthquake (Mw 6.1) fits such a seismotectonic frame: its source was the NW-15 

SE trending Paganica normal fault (e.g. Falcucci et al., 2009; Emergeo Working Group, 2010; 16 

Boncio et al., 2010) (Fig. 1c), that shows evidence of displacements over the Quaternary (e.g. Galli 17 

et al., 2010; Messina et al., 2009; Servizio Geologico, 2006) and along which surface faulting 18 

occurred during earthquakes preceding – and, in some cases, stronger than – the 2009 one (e.g. 19 

Moro et al., 2013; Gori et al., 2014). 20 

 21 

2.2 The Middle Aterno Valley fault system 22 

Few kilometres to the S-SE of the PF, series of Quaternary normal faults affecting the left-hand 23 

flank of the middle Aterno River valley (Fig. 2a) were identified (Bosi and Bertini, 1970; Bagnaia 24 

et al., 1991; Bertini and Bosi, 1993) (Fig. 1c). Galadini and Galli (2000) proposed that these faults 25 

pertain to a single 21-km-long fault system (Fig. 2a), the MAVF, made of two main segments (in 26 
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the present work named as central and northern MAVF segments). The structure displaced Late 1 

Pleistocene slope deposits and, therefore, it is considered as the surface expression of a seismogenic 2 

source potentially responsible for M 6.5-7 earthquakes. The absence of large magnitude seismic 3 

events reported in the historical seismic catalogues (Rovida et al., 2011) attributable to the MAVF 4 

over the past 800-1000 years allowed Galadini and Galli (2000) to define the structure as “silent”, 5 

that is a seismic gap.  6 

The Late Pleistocene MAVF activity was recently confirmed by the identification of slope debris, 7 

dated at 20-25 ka, displaced along a strand of the system (Pizzi A., personal communication: 8 

Ranalli F., 2012). Investigations carried out in the area where the MAVF and SVF overlap 9 

suggested kinematic coherence between the two structures (Falcucci et al., 2011) (Fig. 2a). This 10 

hypothesis is substantiated by the presence of cross faults in between the two structures and by 11 

paleoseismological data that defined the occurrence of two activation events during the late 12 

Holocene along the SVF, each responsible for ~80 cm minimum offset, not compatible with the 13 

activation of the sole 10-km-long SVF. Therefore, Falcucci et al. (2011) proposed the SVF to be the 14 

southern segment of a larger fault system together with the MAVF, ruptured during M 6.8 paleo-15 

earthquakes. However, paleoseismological evidence of MAVF displacements chronologically 16 

compatible with the SVF activation is presently missing. 17 

 18 

3. GEOLOGICAL FIELD OBSERVATION 19 

Field survey and aerial photograph interpretation allowed to map the traces of the MAVF main fault 20 

segments: they are represented by NW-SE trending and SW dipping synthetic faults, and by a major 21 

antithetic structure (Fig. 2a). The longest splay is located at mid-slope, and it crosses the 22 

Roccapreturo village (Fig. 2a); this fault, henceforth Roccapreturo fault splay (RF), appears as a 23 

continuous, 10-km long, ribbon-like scarplet (Fig. 2b). A couple of synthetic fault splays are present 24 

in its hanging wall, close to the village of Succiano, one about 3.5 km long, the other about 2 km 25 

long (Fig. 2a and 2c; Supplementary Fig. 1). To the north, these structures are in echelon relation to 26 
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other fault strands; the major one of these strands, hereafter named as Frascara-Valle Cupa fault 1 

splay (FVCF) (Fig. 2a and 2d), is about 5 km long. Such an arrangement defines an evident, 1.5-km 2 

wide relay ramp at the hanging wall of the FVCF: it appears as an almost flat landsurface gently 3 

dipping towards the W-NW (Fig. 2a). The relay ramp is breached by an about NNW-SSE trending 4 

and WSW dipping transfer fault.  5 

Other synthetic branches occur at a different elevation along the slopes (Fig. 2a). Moreover, an 6 

antithetic fault, located along the right-hand flank of the Aterno River valley, complete the 7 

structural framework: it is a NW-SE trending and NE dipping, 5 km-long structure seen close to the 8 

Molina Aterno village (Fig. 2a and 2e). In the following paragraphs, we analyse the evidence for the 9 

Quaternary activity (represented by the displacement of Early to Late Pleistocene continental 10 

sequences) observed in the study area. 11 

 12 

3.1 The Roccapretuto fault (RF) 13 

At the footwall of the RF, we identified an almost flat landsurface, carved into the carbonate 14 

bedrock, at 1050-1150 m a.s.l. (Figs. 3a and b). It gently dips towards the present Aterno River 15 

valley and hangs over it by several hundred metres. The landsurface is mantled in places by 16 

breccias (Fig. 3a, c and d) similar by lithology to others widespread in the central Apennines and 17 

attributed to the Early Pleistocene (Bosi et al., 2003; Centamore et al., 2003; Gori et al., 2007; Galli 18 

et al., 2012; Giaccio et al., 2012). The breccias are made of layered angular-to-subangular carbonate 19 

clasts in a pink-orange cement (Figs. 3c, d). These sediments display a general sub-horizontal 20 

attitude (dip 6°-18°) (Figs. 3c and d); their exposed thickness varies from few to some tens of 21 

metres, in such a manner as to indicate that they deposited over a low gradient landscape, wrinkled 22 

by gentle paleo-valleys into which the breccias mainly accumulated. This morpho-sedimentary 23 

setting depicts a low relief paleo-landscape that formed close to an important local base level, 24 

presently suspended over the valley bottom.  25 
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The breccias crop out at different elevations.  In particular, it is worth noting that, in places, they lay 1 

onto sectors of the paleo-landsurface where the bedrock is affected by slope-parallel open fractures 2 

and by a small trench; these morpho-structural features may indicate the occurrence of local 3 

gravitational instability induced by the high gradient local relief. Therefore, the minimum elevation 4 

of the breccias in the fault footwall has to be conservatively considered away from any possible 5 

gravitational “disturbance”, that is 1135 m a.s.l. 6 

Moreover, the breccias and the related landsurface occur at the base of a small relief, Mt. Acquaro, 7 

delimited towards the SW by a very discontinuous, highly degraded, NW-SE trending and SW-8 

dipping limestone fault scarp (Figs. 3a and b) related to a normal structure that we named as the Mt. 9 

Acquaro fault(AF); the plane is very rarely exposed at the base of the scarp. Such a morpho-10 

structural setting suggests that the paleo-landscape formed at the base of the AF scarp – when the 11 

RF was not active yet – and that the breccias were fed by a slope related to the AF scarp. The very 12 

discontinuous trace of the AF and the intense karstic weathering of the exposed plane suggest, 13 

nevertheless, the lack of fault exposure rejuvenation by significant recent tectonic displacements. 14 

At the hanging wall of the RF, an almost flat erosional bedrock landsurface is seen at 700-775 m 15 

a.s.l. (Figs. 3a and e) with associated sub-horizontal breccias (8°-14° dip) displaying comparable 16 

lithological characteristics of those in the footwall (Fig. 3a and f), and showing a maximum exposed 17 

thickness of about 20 m. Both the landsurface and the associated breccias are very likely the 18 

correlative of those found in the RF footwall, displaced by the RF. This hypothesis is supported by 19 

the following: similar deposits are not seen along the fault scarp, that is, they were not deposited 20 

when the fault scarp was already formed; and an alluvial fan sequence, onto which the Roccapreturo 21 

village rises, is embedded into the breccias (Fig. 3a). Since this alluvial fan can be related to the 22 

early Middle Pleistocene owing to its morpho-stratigraphic relation with the Early-Middle 23 

Pleistocene lacustrine sequence of the Subequana valley (Falcucci, 2011), an Early Pleistocene age 24 

for the breccias is therefore reliable. On these bases, we observe that the difference in elevation 25 

between the breccias/bedrock basal contact in the RF footwall (away from possible local 26 
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gravitational phenomena), i.e. 1135 m a.s.l., and hanging wall, i.e. 775 m a.s.l., is ~360 m; this 1 

represents the vertical displacement of the RF after the Early Pleistocene (supplementary Fig. 4). 2 

 3 

3.2 Further evidence of the Quaternary activity of the MAVF 4 

Besides the displacement of the above described Early Pleistocene breccias, the MAVF activity 5 

affected deposits spanning the whole Quaternary, as described in the following. Alluvial deposits 6 

pinches out along the bedrock fault plane of a splay seen close to Succiano, being affected by minor 7 

synthetic shear planes (Fig. 4a). Few tens of metres to the SE, thinly laminated lake silt are steeply 8 

inclined approaching the fault zone, being dragged along the plane (Supplementary Fig. 2a).  9 

Evidence for the FVCF activity is found few hundred metres to the SE of the Vallecupa village. 10 

Here, two NE-SW trending walls of an excavation for a building showed shear planes, parallel to 11 

the main fault scarp, that affect an Early-Middle Pleistocene fluvial-lacustrine succession (Bosi and 12 

Bertini; 1970) and the overlaying colluvial deposits (Fig. 4b). The fluvial-lacustrine deposits are 13 

made of silt that grads upward into sandy silt, sand and well-rounded fluvial gravel. The overlaying 14 

colluvial deposit partly derives from the gravel layers, as it is mainly made by mixed 15 

angular/subangular clasts and well-rounded pebbles in a reddish organic-rich matrix. The intense 16 

tectonic deformation disrupted the original stratigraphic relations, subverting the depositional 17 

geometry. Towards the NW, the FVCF scarp is visible for couple of km, after which it rapidly 18 

fades. Where the scarp terminates, the fault brought into contact bedrock on bedrock, suggesting an 19 

abrupt reduction of displacement consistent with fault tip approach. 20 

We also identified a conglomerate body, made of massive sub-rounded to rounded carbonate 21 

pebbles related to the Early Pleistocene (Bosi and Bertini, 1970), displaced along the N-S trending 22 

fault (Fig. 4c), that breached the above described relay ramp at the hanging wall of the FVCF.  23 

The antithetic fault, seen in the area of Molina Aterno, is responsible for the displacement of Early 24 

Pleistocene lacustrine silt (Falcucci, 2011), that are clearly dragged along the fault plane (Fig. 4d), 25 

and of Middle Pleistocene fluvial gravel (Falcucci, 2011) (Supplementary Fig. 2b). 26 
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 1 

4. PALEOSEISMOLOGICAL ANALYSES 2 

4.1 Trenching the Roccapreturo fault splay 3 

Aimed at identifying evidence for the late Holocene movements and kinematic behaviour of the 4 

MAVF, we dug two paleoseismological trenches across the RF (trenches A and B, Figs. 2b and 3a). 5 

The excavations exposed a sedimentary succession made of slope-derived sediments, that we 6 

distinguished in 14 units (extensive description is reported in Supplementary Fig. 3) (Figs. 5 and 6). 7 

Unfortunately, local erosion truncated the uppermost portion of the succession in trench B, that 8 

exclusively exposed the lowermost units found in trench A. Radiocarbon dating – with AMS 9 

conventional method (Beta Analytic Laboratory and CIRCE Laboratory, Dept. of Environmental 10 

Sciences, Caserta, Italy) – made on charcoals and organic matter defined the chronological limits of 11 

the recent movements of the fault (Fig. 6). In detail, charcoals contained in Units 1 and 6 were dated 12 

at 1920±40 BP (radiocarbon age)/10-140 AD (calibrated, 2σ) and 6410±40 BP (radiocarbon 13 

age)/5480-5310 B.C. (calibrated, 2σ), respectively; organic matter contained within Unit 2 was 14 

dated at 3574±49 BP (radiocarbon age)/2036-1768 B.C. (calibrated, 2σ). 15 

The succession was displaced along the main fault and secondary shear planes. The analysis of 16 

trench A walls allowed to distinguish at least two faulting events (Figs. 5 and 6): 17 

The youngest event (E1) occurred after the deposition of Unit 2, as the sediments were clearly 18 

displaced by the main fault (F1 in Fig. 6). The overlying Unit 1, instead, was exclusively seen in the 19 

hanging wall of the main fault, and its geometry suggests that the sedimentary body sourced from 20 

the tip of the main fault plane. Unit 1 can be therefore interpreted as  a scarp-derived colluvial 21 

deposit (a colluvial wedge; see McCalpin, 2009) whose sedimentation took place by erosion of the 22 

coseismic free-face related to E1. An alternative interpretation would be that Unit 1 sealed the fault 23 

and subsequent erosion left remnants of the deposit solely in the fault hanging wall, its base 24 

“fortuitously” coinciding just with the tip of the fault along both the trench walls. This definitely 25 

makes such alternative option highly improbable. As a result, we can conclude that E1 occurred 26 
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after Unit 2 deposition but slightly before the deposition of Unit 1, that is, after 2036-1768 B.C. and 1 

before 10-140 AD, that are the radiocarbon ages obtained for Units 2 and 1, respectively.  2 

The lack of correlative deposits across the fault prevented the evaluation of the E1 offset. However, 3 

the geometric characteristics of Unit 2 indicate that it must have been present also at the footwall of 4 

the main fault. Hence, the difference in height between the base of Unit 2 (taking into account the 5 

mean gradient of the deposit) and the erosive limit at the base of the present soil, in the footwall, 6 

defines the E1 minimum offset of 0.3 m. 7 

A previous faulting event (E2) is testified in both walls of trench A by the displacement of Units 3 8 

to 6 along synthetic shear planes (F2 and F3 in Fig. 6); these, in turn, are sealed by an erosional 9 

surface marking the base of Unit 2, thus indicating that E2 occurred before Unit 2 deposition. Based 10 

on the obtained 
14

C age constraints, we can define that the faulting event took place after 5480-5310 11 

B.C. and before 2036-1768 B.C., that are the ages obtained for Units 6 and 2, respectively. The 12 

absence of correlative deposits in the fault footwall hindered offset estimation related to sole E2. In 13 

fact, as Units 3 to 6 must have been present also in the footwall, the difference in height between 14 

the base of Unit 5, in the hanging wall sector, and the erosive limit at the base of the present soil, in 15 

the fault footwall, yields 1.8 m minimum offset which, however, is cumulative of E1 and E2 along 16 

the main fault. 17 

Trench B revealed that Units 6 to 10 were displaced along the main fault and along secondary shear 18 

planes (Fig. 6). Erosion of the overlaying younger units hindered to relate this displacement to one 19 

or both E1 and E2, or even to previous events. Nevertheless, the 0.8 m offset of the base of Unit 20 

6/top of Unit 7 along F3 was roughly half the offset of the base of Unit 7/top of Unit 8 (that was of 21 

about 1.6 m); this allows to  assume just two faulting events with similar minimum downthrown, 22 

the most recent of which occurred after Unit 6 deposition, and the previous one after Unit 7 and 23 

before Unit 6 deposition. 24 

 25 

4.2 New data on the recent activity of the Subequana Valley fault  26 
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Our aim was also to verify the hypothesis of Falcucci et al. (2011) about the last activation of the 1 

SVF to be occurred around the 2
nd

-1
st
 century B.C. and before the last millennium. For this purpose, 2 

we performed an excavation across the same fault segment trenched by the mentioned authors (Fig. 3 

7a), within the archaeological site of the Castel di Ieri Roman temples. The trench was dug on top 4 

of a debris cone that mantles the fault scarp, fed by a stream incision perpendicular to the slope 5 

(Figs. 7b, c and d). The excavation uncovered a sequence of stratified clast-supported slope debris 6 

made of angular-to-subangular carbonate casts (Fig. 7e). A small amount of organic matter was 7 

found close to the lowermost portion of the exposed sequence (about 1.5 m below the ground 8 

surface); it was radiocarbon dated at 1024±27 BP (970-1040 AD, calibrated 2σ).  9 

The analysis of the trench walls defined the absence of any tectonic displacement affecting the 10 

debris, that showed a planar, undisturbed sedimentary bedding, where it cuts across the bedrock 11 

fault scarp (Fig. 7e). Conversely, a further small trench (white star in Fig. 7d) dug across the 12 

bedrock fault scarp, about 20 m aside the former trench, exposed slope-derived deposits that are 13 

clearly displaced by the fault activity; the unfaulted debris cone was clearly embedded within these 14 

deposits through an erosional surface. Although the absence of organic matter prevented dating of 15 

the displaced debris, their lithological characteristics allow a correlation with debris sequence 16 

described by Falcucci et al. (2008), radiocarbon dated at ~35ka BP, over which the Roman temples 17 

were erected. 18 

 19 

5. ANALYSING THE 2009 L’AQUILA SEISMIC SEQUENCE 20 

The 2009 seismic sequence was characterised by a mainshock, occurred on April 6 (Mw 6.3 in 21 

Chiarabba et al., 2009; whereas Mw 6.1 in Di Stefano et al., 2011; Chiaraluce, 2012) followed by 22 

two large aftershocks, on April 7 and 9, Mw 5.3 and 5.1, respectively. An intense series of 23 

aftershocks was distributed in an area as wide as ~700 km
2
. Local and temporary seismic nets 24 

provided an enormous – and unprecedented for an extensional rupture – dataset of events (64k 25 

events) precisely re-located (through automatic P and S wave picking procedure together with 26 
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efficient cross-correlation and double-difference methods) by Valoroso et al. (2013) (Fig. 8a) . The 1 

median values of the vertical error distribution of the event localisation, calculated by bootstrapping 2 

with replacement, is on the order of 0.027 km (Valoroso et al., 2013).  3 

All this broad seismicity occurred along the earthquake causative fault, the aforementioned PF, and 4 

along nearby structures, composing a complex pattern of activated segments, sub-segments and 5 

splays. This provides with unique information for drawing a thorough picture of the structural 6 

architecture of the region and of the relation among the set of faults enlightened by seismicity. In 7 

particular, as already pointed out by Valoroso et al. (2013), the aftershock sequence shows a 8 

structural continuity between the PF and the Mt. Marine fault, to the north (Fig. 1c). This fault 9 

represents the southernmost segment of the Upper Aterno Valley fault system, and it was activated 10 

during the Mw 6.7 February 2, 1703 earthquake (Moro et al., 2002), that probably had a 11 

complementary slip along the PF (e.g. Moro et al., 2013). 12 

On the other termination of the PF, seismicity ascribable to SW-dipping high angle fault compatible 13 

with the mainshock rupture extended no further south than the epicenter of the April 7 aftershock, 14 

i.e. the San Gregorio village area (Figs. 8b, c and d). Here, in fact, we note that the high angle 15 

planar aftershocks distribution that “rests” on the PF abruptly fades southerly into a region of 16 

diffused seismicity (Fig. 8b); here, where individual faults are more hardly resolvable from the 17 

“cloud” of aftershocks, apart from two or more minor, antithetic “seismo-structures” (Fig. 8c). 18 

Therefore, differently form the northern sector, the seismological data do not indicate any clear 19 

structural continuity between the PF and known faults situated to the south. 20 

Further south of the area of diffused seismicity, the aftershock distribution shows again a planar and 21 

narrow alignment between 3 and 9 km depth, that draws another a high angle, SW-dipping and 22 

rather listric rupture plane; Valoroso et al. (2013) already highlighted the presence of this seismo-23 

structural feature, that the authors distinguished from the PF and that they referred to as a “southern 24 

fault”. (Fig. 8d) By ideally projecting updip this seismically inferred fault plane, it matches the trace 25 

at surface of the FVCF splay of the MAVF central segment. Downdip, this aftershock alignment 26 
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flattens at about 9-10 km depth (Fig. 8d), where a seismicity cut-off is observed. On these grounds, 1 

therefore, the observed seismo-structural feature can represent the MAVF central segment along 2 

which Coulomb stress (e.g. Falcucci et al., 2011) and/or pore fluid pressure diffusion (Malagnini et 3 

al., 2012), occurred after the mainshock, triggered some aftershocks, that ruptured a small portion 4 

of the fault plane. 5 

Another noteworthy seismo-structural feature is evidenced by a cluster of aftershocks seen in the 6 

footwall of the FVCF strand, that show a clear sub-horizontal distribution at 2-3 km depth (Figs. 8b, 7 

c and d). This cluster subtends the traces of the fault strands pertaining to the northern segment of 8 

the MAVF (Figs. 8, c and d). Such sub-horizontal aftershocks arrangement extends further north, in 9 

the PF footwall, getting gradually shallower northwards. Here, this flat aftershocks alignment 10 

occurred at ~1 km depth, beneath the trace of the Mt. Stabiata fault, an extensional fault strand 11 

described by Boncio et al. (2010) as the northernmost segment of the 2009 earthquake fault. The 12 

occurrence of such a peculiar microseismicity cluster evidences an almost flat mechanical 13 

discontinuity in the upper crust that “creaked” in 2009. The significance of this feature in the 14 

structural framework of the middle Aterno river valley is discussed in the following paragraph. 15 

 16 

6. DISCUSSION 17 

The gathered data prove the activity of the MAVF through the whole Quaternary, up to Late 18 

Holocene and yield to define the long-term to recent evolution and primary kinematic parameters of 19 

the structure, i.e. slip rate, displacement per event, elapsed time and recurrence interval. The 20 

geological/structural observations permit to interpret the massive set of earthquake locations of the 21 

2009 seismic sequence and to explore the relationship between the geometry of the fault system in 22 

terms of fault segmentation and linkage. 23 

 24 

6.1 Structural evolution of the MAVF 25 
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The geomorphic and structural investigations defined the deposition of breccias over a paleo-1 

landscape, located close to the local base level, at the base of the AF scarp. This paleo-landscape 2 

has been subsequently displaced by the activity of the RF strand. This indicates that the AF has led 3 

the early formation of the middle Aterno River basin, in the lower part of the Early Pleistocene, and 4 

that the activity of the RF began (or strongly increased) after the AF, subsequently to the breccias 5 

deposition. Therefore, the MAVF central segment evolved through progressive hanging wall splay 6 

nucleation (Fig. 9), similarly to most of normal fault systems worldwide. Moreover, the lack of AF 7 

scarp rejuvenation suggests a strong reduction of activity (or even the extinction) of the elder basin-8 

bounding structure, as observed in other studies concerning normal fault evolution (e.g. Dart et al. 9 

1995; Jackson 1999; Goldsworthy and Jackson 2001; Goldsworthy et al. 2002; Gori et al., 2011; 10 

2014). 11 

 12 

6.2 Long term slip rate 13 

The 360 m vertical displacement of the breccias permits to estimate fault slip rate. By considering 14 

the deposits mean bedding angle in the fault footwall (12°) and the fault dip angle (58°) (measured 15 

on the plane exposed by the trenches), we evaluate in 270 m the actual fault offset (supplementary 16 

Fig. 4). By assuming a reliable age of the breccias of 1.0±0.2 Ma (Bosi et al., 2003; Gori et al., 17 

2007; Giaccio et al., 2012), we define slip rate to be 0.23-0.34 mm/yr.  18 

 19 

6.3 Recurrence interval of fault rupture, time elapsed since the last activation, and 20 

displacement per event 21 

Our paleoseismological investigations defined two surface faulting events along the MAVF during 22 

the late Holocene, one between 5480-5310 B.C. and 2036-1768 B.C. (E2), the  other after 2036-23 

1768 B.C. and just before 10-140 AD (E1). This yields a recurrence interval ranging from 5340 yr 24 

to 1758 yr, evidently consistent with ≥1000 yr (Valensise and Pantosti, 2001) or 2000±1000 yr 25 

mean recurrence interval per central Apennine active fault (Galli et al., 2008). Moreover, the 26 
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chronological constraints defined for E1 and E2 occurrence match those of the SVF last two 1 

activation events, one occurred between 5388-5310 B.C. and 1934-1744 B.C., and the last one 2 

likely during the 2
nd

-1
st
 century B.C. (Falcucci et al., 2011); the unfaulted debris cone confirms that 3 

the SVF did not activate over the past millennium, at least;  the defined minimum surface throw per 4 

event of about 0.3-0.5 m is consistent with the activation of a ≥20 km-long normal fault. These 5 

results definitely confirm kinematic linkage between the MAVF and SVF, which represent the 6 

central and southern segments of a 25-30-km-long seismogenic structure that ruptured 7 

simultaneously during paleo-events, and that is “silent” since about two thousand years. 8 

The numerous studies performed after the 2009 L‟Aquila earthquake give the grounds for making 9 

some considerations about the relationship between coseismic surface displacement, slip rate and 10 

recurrence interval for the considered fault system. The 10-12 cm maximum coseismic surface 11 

offset determined by the 2009 earthquake (e.g. Boncio et al., 2010; Falcucci et al. 2009; Galli et al., 12 

2010; Gori et al., 2012) increased during the subsequent months of up to 3-4 cm, reaching 15-16 13 

cm. Increase of displacement along the PF, owing to fault aseismic afterslip, has been also detected 14 

by means of in-situ measurements with robotized total station (Manconi et al., 2012) and of 15 

geodetic data (GPS and satellite interferometry data) (e.g. Cheloni et al., 2010; D‟Agostino et al., 16 

2012); it has been estimated to be on the order of 20%-30% of the coseismic displacement 17 

(Gualandi et al., 2014). These observations and the (minimum) 80 cm maximum vertical 18 

displacement per event paleoseismologically estimated for the MAVF-SVF system (Falcucci et al., 19 

2011) allow to reasonably assume 55-65 cm coseimic surface rupture component. Therefore, taking 20 

into account the (minimum) 0.23-0.34 mm/yr fault system slip rate defined on the Roccapreturo 21 

splay, we derive the (minimum) recurrence interval from the ratio displacement per event/slip rate, 22 

that is the range 1600-2800 years. Such a value is highly comparable with the above mentioned 23 

mean recurrence time of central Apennine active faults for M≥6.5 seismic events, with the 24 

recurrence interval and elapsed time since the last activation of the MAVF-SVF system, derived 25 

from paleoseismological data. 26 
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 1 

6.4 Decrypting the structural setting of the northern sector of the middle Aterno River valley 2 

Simultaneous activation of adjacent fault segments coalescing in large magnitude ruptures is 3 

characteristic for the Apennine region (e.g. Galli et al., 2008). Our data support that this has 4 

occurred at least twice in the past few millennia for the central and southern segments of the 5 

MAVF, similarly to what happened along the Upper Aterno valley fault system during the February 6 

2, 1703 earthquake (Mw 6.7) (Moro et al., 2002; 2013). In that area, indeed, , the structural 7 

continuity between the PF and the adjacent Mt. Marine fault, outlined by the 2009 aftershock 8 

sequence, fits paleoseismological data (Galli et al., 2012; Moro et al., 2013), supporting the model 9 

in which the different segments of the Paganica-Upper Aterno Valley fault system can rupture 10 

independently, with 2009-like earthquakes, or simultaneously, during 1703-like earthquakes. On the 11 

other hand, our study confirms that the 2009 earthquake involved the sole PF and the rupture did 12 

not propagate southerly on the northern strand of the MAVF; this is in agreement with GPS-InSAR 13 

data modeling coupled with geological field observations and multi-temporal aerial photograph 14 

analysis (Gori et al., 2012; Falcucci and Gori, 2014). This therefore confirms structural and 15 

kinematic separation between these structures. 16 

Moreover, joint analysis of seismological and geological data, and the critical review of the 17 

available literature suggest that the sub-horizontally arranged aftershocks occurred along the 18 

northern sector of the MAVF corresponds to a flat mechanical/structural discontinuity that probably 19 

coincides with an inherited shallow splay of the Gran Sasso Range thrust front. This structure is 20 

buried underneath the northern segment of the MAVF and in the footwall of the PF (e.g. Di Luccio 21 

et al., 2010; Blumetti et al., 2012; Bonini et al., 2014), and its original development during the 22 

compressional phase accounts for different translation and rotation during the Gran Sasso Range 23 

edification. In this framework, we propose that the thrust plane, which controlled the evolution of 24 

the ridge in the past, acts presently like a shallow decollement, into which small normal fault strands 25 

are rooted. This is in agreement with previous suggestions of D‟Agostino et al. (1998): the authors 26 
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first proposed that shallow thrust planes confine the vertical extent of normal faults affecting the 1 

Gran Sasso Range south-western slope.This structural discontinuity would have influenced the 2 

present structural setting of the range flank, characterised by series of closed and ridge parallel 3 

tectonic depressions, bounded by few-km-long and closely spaced extensional faults, giving rise to 4 

a “domino” style tectonic deformation, down to the Aterno River valley. Following this evidence, 5 

the sub-horizontally arranged microseismicity took place on the shallow flat thrust supposed by 6 

D‟Agostino et al. (1998) (Figs 10 a and b), that acts as a “structural barrier” for the shallower 7 

normal faults (Figs. 8, 10).  8 

Such structural setting fits the observations of Gori et al. (2012), who defined a sympathetic 9 

activation of the SDF (and of the Mt. Stabiata fault) during the 2009 seismic sequence, responsible 10 

for few cm vertical displacement confined within a couple of km depth, that perfectly match the 11 

location of the supposed thrust plane.It can also account for the close and rather regular spacing of 12 

the fault splays of the northern segment of the MAVF (Fig. 10a). Indeed, several works pointed out 13 

direct relation of growth, spacing and displacements in a given fault population with the thickness 14 

of the host mechanical layer (e.g. Spadini and Podladchikov, 1996; Ackermann et al., 2001; Cowie 15 

and Roberts, 2001; Morellato et al., 2003; Shultz et al., 2009; Soliva and Benedicto, 2005; Soliva et 16 

al., 2006, and references therein). 17 

Hence, interaction between Quaternary extensional faults and pre-existing tectonic features 18 

influences the structural framework of the northern sector of the middle Aterno river valley, of the 19 

Gran Sasso area and involves the 2009 earthquake causative fault, resulting in the peculiar 20 

structural fragmentation of the region. 21 

As a matter of fact, specific consideration must be done as for the SDF, since the fault has some 22 

similarities with the branches of the central segment of the MAVF: it displays several km long (~6-23 

km) long and almost rectilinear trace (in plan view); it is responsible for several tens of meters of 24 

vertical displacement in Early Quaternary continental sequences (Bosi and Bertini, 1970); and it 25 

shows evidence of late Holocene displacements (Blumetti et al., 2013). These elements, together 26 
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with the sole 1,5 km spacing from the central MAVF segment make the role of SDF difficult to be 1 

assessed and open to two possible hypotheses: 1) it may be one of the vertically restricted faults, 2 

rooting into the seismically imaged thrust plane, or 2) it may be the northernmost strand of the 3 

MAVF central segment, being therefore the surface expression of the major deep-reaching fault. 4 

Actually, this bias refers to the southern part of the SDF, where we cannot discriminate between the 5 

two possible structural interpretations; as for its northern part, instead, the profile in Fig. 8c 6 

suggests that the supposed thrust plane bounds downdip also the SDF. This would imply a 7 

structural “diversion” between the northern and southern portions of the branch that deserves more 8 

analyses to be fully understood. 9 

Lastly, possible exceptions to the proposed structural model for the region can be represented by the 10 

San Pio normal fault (whose recent activity is still a matter of debate; Di Bucci et al., 2011a, b; 11 

Messina et al., 2011) and the Assergi normal fault (Fig. 10b). As for the latter structure, it affects 12 

the uppermost sector of the northern Gran Sasso Range and it is defined as a segment of the 13 

Assergi-Campo Imperatore fault system (Galadini and Galli, 2000). Fault segment length (more 14 

than 10 km), long term vertical displacement (more than 1500 m of the carbonate bedrock) 15 

(D‟Agostino et al., 1998) and recent paleoseismological investigations (Gori et al., in press) suggest 16 

that the Assergi fault is a major discontinuity scaled with the upper seismogenic crust, able to 17 

produce several tens of cm high coseismic fault scarps. The cause for this exception may lay in 18 

local variations in dip angle of the pre-existing thrust fault (e.g. Faccenna et al., 1995), that can lead 19 

normal faults to cross-cut the thrust to accommodate crustal extensional. More analysis is needed, 20 

instead, for fully understand the role of the Campo Imperatore segment, that is, either it represents 21 

another vertically confined fault (as proposed by D‟Agostino et al., 1998) or a deep-reaching 22 

structure (as hypothesised by Galadini and Galli, 2000). 23 

 24 

6.5 Maximum expected magnitude 25 
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The 30-km-long MAVF-SVF system and the above described considerations about the MAVF 1 

northern segment permit a rough estimate of the maximum expected magnitude on the order of 6.8 2 

of earthquakes generated by the tectonic structure (see fault length-magnitude regressions; Galli et 3 

al., 2008; Wells and Coppersmith, 1994). Moreover, the 2009 seismic sequence evidenced that the 4 

MAVF-SVF system cuts the upper crust, with a dip angle progressively decreasing downward (Fig. 5 

10a), from roughly 55° to 45°. The fault flattens at about 9 km (at least), in correspondence to a 6 

probable rheological transition (Lavecchia et al., 2012), tentatively related to an inactive thrust 7 

plane (Valoroso et al., 2013). This defines fault height of ~12 km that multiplied by the 30 km 8 

surface fault length gives ~360 km
2
 rupture area (that is a minimum value, since fault length at 9 

surface is inherently smaller than at depth). Then, by applying rupture area-magnitude regressions 10 

(Wells and Coppersmith, 1994) we obtain a (minimum) maximum expected magnitude of ~6.6-6.7, 11 

consistent with surface fault length-based estimation. 12 

Such magnitude estimates match the maximum expected magnitudes of major central Apennine 13 

active faults (Vannoli et al., 2012); they also fit the presence of a mid-crust high Vp, high Vs body 14 

underneath the middle Aterno River area (Chiarabba et al., 2010; Speranza and Minelli, 2014) that 15 

can represent a stiff asperity able to slip with large earthquakes (e.g. Chiarabba and Amato, 2003). 16 

 17 

7. CONCLUSIONS 18 

Geological field investigations performed along the Middle Aterno Valley fault allowed collecting 19 

evidence for a post-Early Pleistocene activity. This depicted long term minimum slip rate of 0.23-20 

0.34 mm/yr and a structural evolution through progressive basin-ward splay nucleation. 21 

Paleoseismological investigations outline that the fault system was activated twice in the late 22 

Holocene, the penultimate event between 5388-5310 B.C. and 1934-1744 B.C., the youngest event 23 

after 2036-1768 B.C. and just before 1
st
-2

nd
 century AD. This implies a recurrence interval in the 24 

range 5340-1758 yr, and it confirms the hypothesis of MAVF-SVF hard linkage, as activation 25 

events along the two structures are chronologically consistent. Moreover, an excavation dug across 26 
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the SVF confirmed that the elapsed time since the last activation of the system is larger than 1000 1 

yr, and probably of about 2000 yr.  2 

The combination of geological data and seismicity – which revealed that the MAVF-SVF northern 3 

sector “creaked” during the 2009 seismic sequence – provided information about the deep geometry 4 

of the system. The 2009 aftershock distribution revealed that the structure reaches at least 9 km 5 

depth, flattening over a probable mid-crust rheological discontinuity. These observations confirmed 6 

the MAVF-SVF system to be a major active structure, cutting through the upper crust. The obtained 7 

3-D view of the fault system allowed applying regressions between fault length, rupture area and 8 

maximum expected magnitude of earthquakes generated along the fault system, that can be 9 

estimated in ~6.8. 10 

Furthermore, the 2009 seismic sequence analysis confirmed geological/geodetic coupled 11 

observations (Gori et al., 2012) that the PF and MAVF-SVF northern segment are not structurally 12 

linked. Conversely, the seismological data evidenced structural continuity between the PF and the 13 

Mt. Marine segment of the Upper Aterno Valley active fault system, suggesting kinematic 14 

coherence between the structures. 15 

Joining seismological and geological observations also reveals the existence of an almost flat 16 

mechanical discontinuity, located at 1-to-3 km depth, that we interpret as a splay of the Gran Sasso 17 

Range thrust front. This plane, inherited from the older compression, probably acts as 18 

structural/rheological barrier, controlling thin-skinned extension; this led to the formation of 19 

vertically restricted normal structures (Figs. 10b), along the Gran Sasso Range south-western slope 20 

and the MAVF-SVF northern segment. According to our interpretation, although these minor 21 

Quaternary faults may be still capable (that is, able to break the surface), they are not related to 22 

seismogenic sources able to rupture with large earthquakes, being their seismic potential “limited” 23 

for the shallow decollement. Uncertainty still remains for the SDF, as it may be a deep-reaching 24 

splay of the MAVF or one of the vertically restricted faults. 25 
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Our results give the grounds for an updated view of the seismotectonic characteristics of a large 1 

portion of the central Apennines, and of the central Italy earthquake occurrence probability. Also, 2 

the present study evidences the effectiveness of entwining refined geological field survey with high 3 

resolution seismological data to best define the seismotectonic setting of regions where ongoing 4 

tectonic deformations overlay structural heritage of preceding tectonic phases. 5 
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Figure 1. a) Simplified geological map of the central Apennines. Legend: 1) Marine and continental 14 

clastic deposits (Pliocene–Quaternary); 2) Volcanic deposits (Pleistocene); 3) Synorogenic 15 

hemipelagic and turbiditic sequences (Tortonian–Pliocene); 4) Carbonate platform deposits 16 

(Triassic–Miocene); 5) Slope and pelagic deposits (Lias–Miocene); 6) Molise–Sannio pelagic 17 

deposits (Cretaceous–Miocene); 7) Main thrust fault; 8) Main normal and/or strike-slip fault; 9) 18 

Study area, shown in (c); Trace of the geological cross-section, black dashed line. b) Geological 19 

cross-section of the central Apennines (redrawn from Cosentino et al., 2010); main thrust/inverse 20 

fault planes, black bold lines; extensional faults, black thin lines. c) Shaded relief map showing the 21 

seismotectonic framework of the area under investigation, on which active faults and epicentres of 22 

large historic earthquakes are plotted. Faults: AF, Assergi Fault; MMF, Mt. Marine fault; MPF, Mt. 23 

Pettino fault; PF, Paganica fault; CIF, Campo Imperatore fault; SPF, San Pio fault; study area, in 24 

the shaded rectangle. 25 
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Figure 2. a) Shaded relief map of the Middle Aterno River Valley and of the Subequana Valley, 20 

showing the Middle Aterno Valley fault system; fault splays composing the northern segment, grey 21 

lines. Main fault splays: Roccapreturo fault splay, RF; Frascara-Vallecupa fault splay, FVCF; San 22 

Mauro fault, SMF; San Demetrio fault, SDF; San Giovanni fault, SGF; Colle Cicogna fault, CCF. 23 

b) Panoramic view of the left-hand flank of the Middle Aterno River valley; “ribbon-like” fault 24 

scarp of the Roccapreturo segment, white triangles; the site of the paleoseismological trenches is 25 

also indicated. c) Fault scarps of fault splays, synthetic to the RF, white triangles. d) Panoramic 26 

view of the Frascara-Vallecupa fault scarp, white triangles. e) Panoramic view of the northern part 27 

of the Subequana valley; the antithetic fault close to Molina Aterno, white triangles. 28 
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 12 

Figure 3. a) Shaded relief map of the Roccapreturo area; trace of the Roccapreturo fault, white line; 13 

trace of the Mt. Aquaro fault, black dashed line; outcrop of Early Pleistocene breccias, white 14 

patches; Roccapreturo Middle Pleistocene alluvial fan, white dashed lines; trace of gravitational 15 

trench, black dash-dot line. b) Panoramic view of the paleolandsurface (white dotted line) in 16 

footwall of the Roccapreturo fault; Mt. Aquaro fault scarp, white arrows. c) Early Pleistocene 17 

breccias (a detail, inset) unconformably overlaying limestone bedrock (breccias attitude, white 18 

dashed line; erosional contact, black dashed line). d) Early Pleistocene breccias (a detail, inset) 19 

unconformably overlaying limestone bedrock (breccias attitude, white dashed line; erosional 20 

contact, black dashed line); e) Panoramic view of the paleolandsurface (white dotted line) in the 21 

hanging wall of the Roccapreturo fault (black triangles). f) Early Pleistocene breccias (a detail, 22 

inset) unconformably overlaying limestone bedrock (breccias attitude, white dashed line; erosional 23 

contact, black dashed line). 24 
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 26 

Figure 4. a) Early-Middle Pleistocene alluvial deposits (attitude, white dashed lines) dragged along  27 

the fault splay seen near Succiano (bedrock fault plane, white arrows). b) Fault plane (white 28 

arrows), synthetic to the Frascara-Vallecupa fault, that places in contact fluvial-lacustrine deposits 29 

(attitude, black dashed line), in the fault footwall, with slope derived deposits (attitude, white 30 

dashed line), in the hanging wall. c) Fault plane (white arrows) affecting Early Pleistocene alluvial 31 

deposits, related to the fault breaching the relay ramp comprised between Fontecchio and Frascara. 32 

d) Early Pleistocene lacustrine deposits (attitude, black dashed line) dragged along the antithetic 33 

fault plane (white arrows) seen in the Molina Aterno area. 34 
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Figure 5. Photographs of the paleoseismological trenches walls. The main fault plane, black 32 

triangles; synthetic faults, white triangles; stratigraphic units, numbers. 33 
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Figure 6. Schemes of the paleoseismological trenches walls shown in figure 5. 33 
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Figure 7. a) Aerial photo (courtesy of Paolo Galli) of the Subequana fault splay (black arrows) 19 

investigated by Falcucci et al. (2011) (site of the two paleoseismological trenches performed by the 20 

mentioned authors, white arrows). b) Alluvial fan (marked by white dotted line) that cross-cuts the 21 

fault scarp (black arrows). c) Top surface of the alluvial fan (white arrows) that covers the fault 22 

scarp (black arrows). d) Aerial photo showing the alluvial fan (white dotted line) sealing the fault 23 

scarp (white dashed line); the trench site, white arrow; site of the excavation showing Late 24 

Pleistocene deposits displaced along the fault, white star. e) Photograph of the northern wall of the 25 

trench dug across the alluvial fan the seals the fault; planar and unfaulted bedding of the alluvial fan 26 

sediments, black dashed lines. 27 
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Figure 8. a) Three dimensional view of the ~60k relocated aftershocks occurred after the 2009 20 

L‟Aquila earthquake. b), c) and d) Shaded relief maps on which are shown the southernmost part of 21 

the 2009 aftershock sequence (micro-earthquakes location, dots), the trace of the fault strands 22 

composing the MAVF northern segment (red lines), and the trace of the other Quaternary fault 23 

affecting the area (white lines); events plotted on related cross-sections, light blue dots. Sub-24 

horizontally arranged aftershocks, orange dashed lines. High angle, SW-dipping aftershocks 25 

alignment matching the FVCF, yellow dashed lines. Minor antithetic structures, blue dashed lines. 26 
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Figure 9. Structural evolution of the MAVF, characterised by progressive basinward nucleation of 22 

normal fault splay. Legend: 1) Carbonate bedrock; 2) Early Pleistocene breccias; 3) Early 23 

Pleistocene lacustrine deposits; 4) Middle Pleistocene alluvial fan deposits; 5) inactive thrust plane; 24 

6) incipient normal fault; 7) inactive normal fault or whose current activity is presently uncertain; 8) 25 

active normal fault. 26 
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Figure 10. a) Three dimensional view of the aftershock sequence on which the splays of the MAVF 20 

central segment (red lines), the fault strands of the MAVF northern segment (yellow lines) and the 21 

trace of the Paganica fault (black lines) are plotted. b) Three dimensional seismotectonic scheme 22 

and associated cross-section  of the structural setting of the northern Middle Aterno River valley 23 

and of the south-western flank of the Gran Sasso Range (modified from D‟Agostino et al., 1998). 24 
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Supplementary figure 1. Panoramic view of the central sector of the MAVF, showing the scarps 7 

related to the main fault splays. 8 
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Supplementary figure 2. a) Laminated Early-Middle Pleistocene lacustrine silt dragged along the 23 

one of the fault splays seen close Succiano (attitude, black dashed lines). b) Fault plane related 24 

(white arrows) to the antithetic fault near Molina, affecting Middle Pleistocene fluvial gravel. 25 
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Supplementary Figure 3. Description of the sedimentological features of the deposits uncovered 11 

by the paleoseismological trenches. 12 
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Supplementary Figure 4. Schematic geological cross-section showing the vertical displacement 27 

and total offset of the Early Pleistocene breccias across the Roccapreturo fault splay. 28 
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