The 2009 L’Aquila earthquake (Italy): what next in the region? Hints from stress diffusion analysis and normal fault activity
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ABSTRACT

This work aims at defining the contribution, in terms of earthquake probability assessment, of the integration of Coulomb stress diffusion analysis related to an earthquake with geological studies on fault activities, investigating the case of the April 6, 2009, L’Aquila (central Italy) earthquake (Mw 6.3). The analysis of the Coulomb stress diffusion induced by this earthquake has revealed a stress increase along two poorly-investigated active normal faults in the Apennines: the Subequana fault and the Middle Aterno Valley fault. No strong seismic events have been attributed to these tectonic structures over the past 800-1000 years, and they have therefore been considered as probable seismic gaps. Geological and paleoseismological investigations have since indicated that these tectonic structures belong to the same 25-30-km-long fault system that ruptured twice during the late Holocene. The last activation occurred between the 4th-1st century B.C. and the past millennium (probably during the 2nd-1st century B.C), with the penultimate between 6381±30 BP and 3511±37 BP. The data obtained indicate that this fault system might rupture during Magnitude up to 6.8 earthquakes and that the 2009 seismic event have brought these tectonic structures about 200 years closer to failure.
1. INTRODUCTION

On April 6, 2009, a Mw 6.3 earthquake followed by a Mw 5.6 aftershock (April 7) struck central Italy,  severely damaging the city of L’Aquila and  surrounding villages, causing 308 casualties. Geological investigations  identified the Paganica fault (PF) as the causative fault of this seismic event (e.g. Falcucci et al., 2009; EMERGEO Working Group, 2010; Boncio et al., 2010). 
It is accepted that earthquakes result in stress modifications that can concentrate at nearby sites thus promoting the occurrence of subsequent events along neighboring faults (Harris, 1998; Stein, 1999; 2003; Freed, 2005). In the case of the April 6 earthquake, this aspect is not negligible, considering that the mainshock occurred in a region that is affected by numerous active normal faults (e.g. Barchi et al., 2000) and has been struck by large earthquakes in past centuries (e.g. AD 1349, 1456 and 1703; Working Group CPTI, 2008). In this study, we investigate whether and how information derived from the analysis of the Coulomb stress diffusion resulting from this earthquake can be combined with  geological data on fault activity to provide useful information for earthquake probability assessments  of the central Apennines.
2. SEISMOTECTONIC FRAMEWORK OF THE CENTRAL APENNINES

The Apennines resulted from the superposition of Pliocene-present extensional tectonics on Mio-Pliocene compressive tectonics. The former dismembered thrusts and folds, inherited by the compressive deformation, along the NW-SE-trending normal fault systems (e.g. Patacca et al., 2008). This compression-extension pair has progressively migrated towards the east as a consequence of the eastward flexural retreat of the west-subducting Adriatic lithosphere (e.g. Cavinato and De Celles, 1999). The activity of the extensional tectonic structures through the whole Quaternary has determined the formation of several intermountain depressions that hosted a continental deposition represented by lacustrine, fluvial and slope deposits (e.g. Bosi et al., 2003).

The active extension of the central Apennines can be seen by: (i) geological evidence of Late Pleistocene-Holocene activity of NW-SE trending normal fault systems (Fig. 1), potentially responsible for earthquakes with M up to 6.5-7.0 (e.g. Galadini and Galli, 2000; Boncio et al., 2004); (ii) GPS data, indicating an extension rate of about 3 mm/yr across the chain (Devoti et al., 2008); and (iii) instrumental seismicity data, which have identified earthquake focal mechanisms consistent with NW-SE normal ruptures (e.g. Pondrelli et al., 2006; Bagh et al., 2007 ). 
The active normal faults of the central Apennines are commonly divided into two parallel sets, a western set and an eastern one (Barchi et al., 2000). Some of the strongest historical earthquakes have been attributed to the rupture  of the western set of normal faults in the central Apennines (Fig. 1), such as the 1349 (Mw 6.6), 1703 (Jan. 14; Mw 6.7), 1703 (Feb. 2; Mw 6.7) and 1915 (Mw 7.0) events (Working Group CPTI, 2008), by comparing the pattern of the active faults, the damage distribution related to these seismic events and paleoseismologically-inferred data (Galli et al., 2008 and references therein). In contrast, the eastern active normal faults have not been activated in historical times and are therefore considered to be probable seismic gaps; these include the fault systems of Mt. Morrone, Assergi-Campo Imperatore, Mt. Vettore, the Laga Mts. and Middle Aterno Valley (Fig. 1) (the last is analysed here) (Galadini and Galli, 2000).
3. STRESS CHANGES RELATED TO THE APRIL 6 EARTHQUAKE 

We have computed the expected coseismic stress perturbations induced by the April 6 seismic event and its postseismic evolution using the numerical model proposed by Wang et al. (2006), which employs the Thomson-Haskell propagator method to solve the boundary-value problem associated with gravitationally self-consistent deformations induced by a seismic dislocation.

Considering a uniform fault mechanism in the area surrounding the Paganica Fault, we computed the Coulomb Failure Function variations (ΔCFF) by projecting the stress tensor on the mainshock geometry, using an effective friction coefficient equal to 0.4 (Stein et al., 1992). The mainshock fault plane has been modeled by using the variable slip solution obtained by Atzori et al. (2009) from the inversion of coseismic DInSAR data.

The Coulomb Failure Function variations CFF variations have been evaluated at four different observation depths, i.e. 5 km, 9 km, 13 km and 17 km (Figs. 2, 3) in order to span roughly the first 20 km of the crust, that represent the thickness of the seismogenic layer in the central Apennines (e.g. Chiarabba et al., 2005). Most of the seismicity is indeed concentrated between about 5 and 18 km (Bagh et al., 2007).

The rheological parameters employed in our model have been derived from the 7-8th litho-stratigraphic column provided in the  Di Luzio et al.’s (2009) figure 5b, consisting of a 34-km-thick elastic crust overlaying a 8-km-thick lower crust. For the postseismic calculations, we have assumed three different viscosity models (see Table 1): the first two (VM1 and VM2) assume a Maxwell rheology for the lower crust, with viscosity η =10^17 Pa·s and η =10^19 Pa·s, respectively. The third model (VM3) assumes a Burgers rheology for the lower crust, with transient (Kelvin-Voigt) viscosity η =5x10^17 and steady-state (Maxwell) viscosity η=10^19 Pa s. For all viscosity models a uniform mantle with Maxwell rheology and viscosity η =10^20 Pa s is assumed. The Maxwellian viscosities chosen for VM1 and VM2 are derived from the best-fitting values obtained by Aoudia et al. (2003) for the post-seismic relaxation following the 1997 Colfiorito earthquake – that occurred just 150 km north of the April 6 event – and may be considered as upper and lower bounds for the Maxwellian viscosity; model VM3 represents a possible synthesis through the use of a biviscous Burgers rheology (Pollitz, 2003). The use of viscosity estimates derived from the analysis of Colfiorito earthquake, which occurred in a different geological district,  is motivated by the well-known lack of sensitivity of postseismic relaxation to small-scale structures (Piersanti et al. 2001; Aoudia et al. 2003, Dalla Via et al. 2005).
The post-seismic CFF variations have been evaluated at 30 days, 365 days and 730 days after the event by projecting the Coulomb stress onto  the plane of the mainshock fault.
4. STRESS CHANGES ALONG ACTIVE TECTONIC STRUCTURES NEAR THE PAGANICA FAULT
The CFF variation pattern shows an increase of stress subsequent to the April 6 event greater than 0.1-0.2 bar in the area of the PF and in the surrounding regions; these values turn out to be non negligible considering that a stress level of 0.1 bar may be a threshold value effective in triggering further seismic events (Reasenberg and Simpson, 1992).

As visible in Fig. 2a, b, the model shows a wide shallow area (i.e. roughly the first ten km) in the sector of the PF, where stress evidently dropped; conversely, at greater depths ( between 13 km and 17 km; Fig. 2c, d), a stress increase is observed with peak values greater then 1 bar. This is where the main aftershock (Mw 5.6) occurred on April 7, with its hypocentre  at 14 km at depth (Pino and Di Luccio, 2009) (Fig. 2c).
The sectors surrounding the PF, where the stress increased after the mainshock, are affected by active normal fault systems, considered as potentially responsible for earthquakes with M up to 7.0: (i) the Laga Mts. Fault, N of the PF, along which a seismic sequence  occurred after the April 6 event (April 9; mainshock, Mw 5.3); (ii) the Upper Aterno Valley fault (UAVF) and the Campo Felice-Ovindoli-Pezza fault (CF-OPF), located NW, W and SW of the PF, that probably ruptured during the earthquakes  of Feb. 2, 1703 (Mw 6.7) and Sept. 9, 1349 (Mw 6.6), respectively (Galli et al., 2008 and references therein). Although the occurrence of moderate magnitude earthquakes (M up to about 6) along the UAVF and the CF-OPF cannot be excluded, the rupture of these faults during large magnitude earthquakes (i.e. M 6.5-7) in the near future should be considered unlikely, as the mean recurrence interval per central Apennine fault is on the order of 1500-2500 years, according toGaladini and Galli (2000) and of 2000±1000 years, according to Galli et al. (2008). South-east of the PF, the stress has increased along a set of active normal faults that have been  little investigated regarding their recent activity (Fig. 2): the ~10-km-long Subequana Valley fault (SVF) and the 15-20-km-long Middle Aterno Valley fault (MAVF), to which a high earthquake probability has been attributed (Pace et al., 2006). These structures did not activate in historical times and only a few of the minor seismic events that occurred after the April 6 shock might be related to them (Istituto Nazionale di Geofisica e Vulcanologia, 2009. Analisi dati di sismicità, http://www.ingv.it). Moreover, the en echelon (dextral step over) arrangement between the SVF and the MAVF suggested to Calamita et al. (2000) that these structures might be part of the same fault system.

Along the whole area comprising the SVF and MAVF, the coseismic ∆CFF pattern (Fig. 2) indicates an increase in the Coulomb stress, with values  ranging from0.02 bar, in the southernmost sector, to over 0.4 bar, in the northernmost sector.

In Fig. 3, we show the postseismic CFF variations two years after the mainshock, computed with the three viscosity models described above. With all the considered viscosity models we expect a stress increase in the studied area. The maximum loading results from viscosity model VM1, with ΔCFF values in the range 0.01-0.07 bar along the whole MAVF-SVF pair; a weaker stress increase (below 0.01) is observedwith model VM2, consistently with its higher relaxation times. If a transient rheology is introduced (model VM3), a loading in the order of ΔCFF=0.01 bar involves the MAVF-SVF pair, with peak values in the northernmost section of the MAVF. Although the postseismic stress transfer values are negligible with respect to the coseismic loading on the considered timescales, it is to note that it acts as a further loading on the analysed structures, therefore enhancing (or not weakening at least) the coseismic effects when much longer timescales are taken into account.
Hence, both the patterns of the co- and postseismic stress modifications and the distributions of the historical seismicity suggest to take particular “care” of these faults. In light of this, we report here a first-time  paleoseismological investigation  of the Holocene activity of the SVF.
5. PALEOSEISMOLOGICAL ANALYSES ALONG THE SUBEQUANA VALLEY FAULT

The SVF bounds to  the NE the Subequana Valley, a tectonic depression that has undergone continental deposition since the early Quaternary (e.g. Bosi and Bertini, 1970; Foglio CARG, 2009), and lies along the south-western slopes of Mt. Urano, an anticline made of Meso-Cenozoic limestone. The Late Pleistocene-Holocene activity of the SVF has been hypothesised (Miccadei et al., 1997; Calamita et al., 2000) but it has not been demonstrated by evidence of displacement along the fault of deposits and/or landforms attributed to this period. 

According to our field data, the SVF comprises different branches, about 2-3km long each, with a total length of  9-10-km (Fig. 4a, b).  The fault is exposed in a quarry near the village of Castel di Ieri (Fig. 4c) where it displaces 
slope deposits – mainly made of carbonate gravels in brownish sandy-silty organic-rich matrix – dated at 18470±140 BP (radiocarbon age)/20401-19484 B.C. (calibrated, 2σ) by means of radiocarbon age determination performed on the organic-rich matrix by CIRCE Laboratory, Dept. of Environmental Sciences, Caserta (Italy)  (Fig. 4d, e).
These observations demonstrate the activity of the analysed tectonic structure.

To characterise  the Holocene activity of the SVF, we dug two trenches across one of the segments that displaces the Subequana Valley bottom (trenches A and B, in Fig. 4c). Photos of these trenches are shown in Figure 5 and logs of the trench walls are presented in Figure 6. 
These excavations exposed both “natural” (colluvial, fluvial and organic-rich) and “cultural” sediments which fill small holes and excavations occurred during past centuries. Radiocarbon age determinations of the charcoals and organic-rich sediments with AMS conventional method carried out bythe above mentioned CIRCE Laboratory , and the analysis of the pottery fragments found within the sequences provided constraints for the age of the displaced stratigraphic units.
Different deposits, described in the following lines, were exposed in each trench (as for trench A, the units are named with a number followed by letter “a” while, as for trench B, the units are indicated by numbers followed by letter “b”)  

In trench A units 1a, 2a and 4a to 7a are silty-sandy colluvial sediments, with sparse carbonate gravel; unit 3a  is a cultural unit made of gray sand with a layer of burnt material at the base; and units 8a to 10a are fluvial gravel and sand; 

In trench B units 1b, 5b, 6b and 7b are cultural units filling ancient excavations. In particular, unit 7b contained large fragments of “vernice nera” roman pottery attributed to a time span comprised between the 4th and 1st century B.C.; units 4b and 8b to 11b are silty-sandy colluvial sediments with sparse carbonate gravel; Units 12b to14b are fluvial gravel and sand; Finally, units 2b and 3b are chaotic deposits made of sand and gravel with sparse carbonate clasts  having different dimensions. In particular, the analysis of the sedimentological/ lithological characteristics of these units suggests that they derived from the erosion and re-sedimentation of older units, i.e. units 2b and 3b are composed by fragments and blocks of units 11b to 14b “contained” in a sandy matrix the parent material of which is represented by unit 4b. 
The whole succession has been displaced along the main fault plane and along secondary synthetic and antithetic shear planes, resulting in “staircase-type” structures in places (Figs. 5, 6). The geometrical relationships among the different stratigraphic units (separated in places by unconformities) provide evidence of  two faulting events showing both vertical and horizontal slip. In trench B (Fig. 6), the youngest detectable event (E1) is subsequent to the 4th-1st century B.C., as it displaced unit 4b (along faults F1 and F4 in Fig. 6),  that overlies a pit ( unit 7B)  containing  fragments of “vernice nera” roman pottery (Fig. 7a). This chronological constraint is supported by the 14C dating of charcoals collected from unit 2a of trench A – displaced together with units 1a and 4a by event E1 along the whole fault planes (Fig. 6) – and from unit 4b of trench B (Fig. 6), dated as 2615±19 BP (radiocarbon age)/ 814-783 B.C. (calibrated, 2σ) and 2624±31 BP (radiocarbon age)/ 834-771 B.C. (calibrated, 2σ), respectively. This event resulted in a minimum surface offset of about 70 cm. This estimate has been obtained by measuring the difference in height – in trench A – between  the base of unit 4a in the hanging wall of the main fault (considering the mean gradient of the limit of the unit) and the erosive limit between the ploughed soil and unit 8 at the footwall. Indeed, it must be taken into consideration that unit 4a was originally present also at the fault footwall – at a certain stratigraphic height above unit 8 – and it has been then eroded after the faulting event (see sketches provided as supplementary material).. 
On the south wall of trench A there is evidence for a previous event (E2), which displaced unit 5a, 6a and 7a along the main fault plane (F1) and along faults F4 and F5 (see Fig. 6) and deformed before the deposition of units 1a, 2a and 4a,the last dated as 3511±37 BP (radiocarbon age)/ 1934-1744 B.C. (calibrated, 2σ) (Fig. 3); these last units were separated from the former by an erosional surface (Fig. 6). Constraints for the chronology of E2 were derived from analysis of the offsets. Indeed, the minimum displacement of the top of unit 6a of trench A and of the base of unit 11b of trench B [dated as 6381±30 BP (radiocarbon age)/ 5388-5310 B.C. (calibrated, 2σ)] is in the order of 130-140 cm, i.e. roughly twice the displacement resulting from event E1. The offset estimate has been obtained by considering the difference in height between the top of unit 6a and the base of unit 11b in the hanging wall of the main fault and the erosive limits at the base of the ploughed soil at the fault footwall. Indeed, it must be considered that, as suggested by the portion of the units that are clearly dragged along the main fault plane (see Fig. 6), units 6a and 11 b were present also at the fault footwall and they have been subsequently eroded (see sketches provided as supplementary material).

The fact that the offset affecting the older units, i.e. units 5a and 6a and units 9b to 14b is about twice the offset of the younger units, i.e. 1a, 2a and 4a, and the occurrence of only two faulting events allow us to assume that the faulting episodes determined comparable downthrown at surface. This allow us to define that E2 occurred after 6381±30 BP and before 3511±37 BP. 
Moreover, as evident in trench B, event E1 resulted in the opening of a fracture, about 1.0-1.5 m wide and deep. The formation of this large fissure has determined the deposition of units 3b that took place in the aftermath of the earthquake by the collapse and re-sedimentation of the units 4b and 8b to 14b within the ground crack. After a short time span, a piece of the stratigraphic sequence of the units 9b to 14b collapsed from the upslope side of the ground crack and toppled above unit 3b, as depicted in the log; then, unit 2b deposited above the toppled piece, filling up almost completely the coseismic ground fissure (Fig. 6).
Therefore, units 2b and 3b can be considered as scarp-derived deposits related to the same faulting event, i.e. E1.
6. THE SVF AND ITS RELATIONSHIP TO THE MAVF 

The 70-80 cm minimum displacement per event is not consistent with the rupture of the 10-km-long SVF. Indeed, such vertical offset would be expected for the rupture of a 25-30-km-long fault (Wells and Coppersmith, 1994), as testified by paleoseismological investigations  of other 20-to-30 km long normal faults of the central Apennines that ruptured in historical times during M 6.5-7 earthquakes (Galli et al., 2008 and references therein). This is the case of the Norcia, Upper Aterno Valley and Fucino fault systems which activated during the previously mentioned 1703 (Jan. 14; Mw 6.7), 1703 (Feb. 2; Mw 6.7) and 1915 (Mw 7.0) earthquakes, respectively (Galli et al., 2008 and references therein).
This suggests a structural/ kinematical linkage of the SVF with other surrounding fault strands. Field investigations in the northernmost sector of the SVF identified roughly N-S-to-NNE-SSW-trending connecting/transfer faults between the SVF and the MAVF (Fig. 4a, b). These faults showed slickenlines consistent with transtensive kinematics. They displaced fluvial deposits (Fig. 7b) embedded for about 100 m in Early-Middle Pleistocene terraced alluvial sequences (Foglio CARG, 2009) and suspended about 10 m over the present Aterno thalweg, i.e. probable Late Pleistocene-Holocene age. These transfer faults partly cut and partly re-use a roughly NE-SW-trending regional shear zone known as Avezzano-Bussi fault (Fig. 1) (Galadini and Messina, 2001 and references therein), inherited by the pre-extension tectonics. Such structural setting is comparable to that proposed by Galadini (1999) and Galadini and Messina (2001) for the neighbour “Tre Monti fault”, i.e. a further segment of the Avezzano-Bussi fault, that links different segments of the Fucino fault system.
Field analyses performed along the southern termination of the MAVF allowed us to extend by  about 3.5 km southward the expression at surface of this tectonic structure (Fig. 7c). This observation defines a MAVF geometry at surface consistent with that proposed by Bagnaia et al. (1992). It moreover implies an overlap of about 0.5 km between the MAVF and SVF.
7. FAULT BEHAVIOUR
The data achieved by means of geological/ geomorphological and paleoseismological investigation defined the Late Pleistocene-Holocene activity of SVF. In this section, we discuss the data that have been gathered in terms of definition of the fault geometry at surface, displacement per event, maximum expected magnitude, elapsed time since the last activation and recurrence interval of fault rupture.
Fault geometry

Field surveys have defined that the 10-km-long SVF displays an en echelon arrangement with the 15-20-km-long MAVF, with an overlap between the two tectonic structures of about 0.5 km. Furthermore, we identified transfer faults – displacing fluvial deposit probably Late Pleistocene in age – located between the SVF and MAVF.
These data suggest that the SVF and MAVF can be considered as a single 25-30-km-long fault system that represents the branching at surface of the same deep seismogenic fault. It is also worth noting that the step size between the SVF and MAVF – 1.0-1.5 km wide (in plain view) – does not probably prevent the propagation of coseismic ruptures along these two faults (Wesnousky, 2006).
Displacement per event
Our hypothesis of structural and kinematic linkage between the MAVF and SVF is supported by the amount of displacement per event that was estimated by the analysis of the walls of the trenches dug across the SVF. Indeed, we identified evidence of the occurrence of two faulting events (E1 and E2) along the tectonic structures, that determined minimum surface displacement per event in the order of 70-80 cm. Such vertical downthrown is not expected by the activation of the sole 10-km-long SVF but it would be expected for the rupture of a 25-30-km-long fault (Wells and Coppersmith, 1994), therefore consistent with the activation of the whole MAVF-SVF system.
Maximum expected magnitude
The evaluation of the geometrical characteristics at surface of the MAVF-SVF system allows the definition of the maximum expected magnitude by an event of activation of the tectonic structure. Indeed, by applying the fault length-moment magnitude regressions proposed by Wells and Coppersmith (1994) and by Galli et al. (2008) (the latter is defined specifically for the Italian faults) we can estimate in 6.6-6.8 the maximum expected magnitude of an earthquake originated along the MAVF-SVF system.
Recurrence interval and time elapsed since the last activation
The chronological constraints obtained by means of radiocarbon dating and by the analysis of the pottery fragments founds within the faulted sedimentary sequences provide useful data for the definition of the timing of the faulting events along the fault system. The achieved information indicate that the penultimate event (E2) occurred between 6381±30 BP and before 3511±37 BP while the last event (E1) occurred after the 4th-1st century B.C..
As for the upper chronological limit for the last faulting event, the fact that no strong historical earthquake can be attributed to the activation of the MAVF- SVF system suggests that this tectonic structure did not activate in the past 800-1000 years at least, i.e. the time span for which the historical seismic catalogues are complete for high-magnitude earthquakes (Stucchi et al., 2004).
Furthermore, archaeological investigations performed near Castel di Ieri found evidence of the sudden collapse of a Roman temple (Fig. 4b, c) occurred during the 2nd-1st century B.C. (Campanelli, 2008; Galadini, 2009), testified by toppled walls and collapse of decorative elements over the still frequented floor. This archaeological evidence is consistent with the occurrence of strong seismic shaking related to a destructive earthquake that stroke this area during this period. This seismic event may be compatible with the information achieved with our paleoseismological investigations of last event of activation of the MAVF-SVF system after the 4th-1st century B.C..

Hence, the chronological constraints obtained for the events E2 and E1 allow to define a recurrence interval of activation of the fault system that is smaller than about 5300 years but larger than 1100 year; moreover, by assuming that the collapse of the Castel di Ieri Roman temple, occurred during the 2nd-1st century B.C., has been determined by a destructive earthquake due to the activation of the MAVF-SVF system, the recurrence interval can be narrowed between 4200 and 1400 years. 
Hence, the defined recurrence interval related to the investigated tectonic structure is consistent with the mean recurrence interval per central Apennine fault (see paragraph 4).
Our estimation of the coseismic ∆CFF pattern related to the 2009 L’Aquila earthquake revealed an increase of the Coulomb stress ranging between 0.02 bar and 0.4 bar in the sector comprising the SVF and MAVF. Following Console et al. (2008; 2010), the ratio between the modeled stress levels and the tectonic loading rate yields an estimate of the shortening of the expected recurrence time. By assuming an average homogeneous tectonic loading of 500 Pa/yr in the studied area – according to the mentioned authors – the Coulomb stress on the MAVF-SVF system corresponds to a 'clock advance' of about 200yr for the activation of the analysed tectonic structure.
Lastly, it is noteworthy that, in a recent work, Chiarabba et al. (2010) have proposed a model for the crustal structure of the central Apennines (by means of seismological analyses) which defines the presence of a mid-crust high Vp, high Vs body underneath the area investigated in the present work. The authors proposed two opposite hypotheses regarding the role played by this body in controlling the seismicity: (i) it might be a strong block and acts as an asperity slipping with large earthquakes; (ii) this body may be weak and distributes the deformation in a ductile regime.

Although the authors consider both the hypotheses as reliable – leaning, however, for the second one – the geological information that we achieved seem to corroborate the first hypothesis as i) no evidence of ductile deformation has been seen in this sector to date and ii) our paleoseismological investigation indicate the occurrence of sudden deformations, with discrete events of fault activation.

Our interpretation is in agreement with the available literature (e.g. Scholz, 1990; Chiarabba and Amato, 2003) that relate high velocity zones along faults to high-strength regions where large stress drops and large slip occur.
7. CONCLUDING REMARKS

The coseismic Coulomb stress diffusion due to the April 6, 2009 seismic event has enhanced the state of stress along a wide region located south of the Paganica fault – i.e. the causative fault of the earthquake. This region is affected by two extensional tectonic structures, the SVF and MAVF. The CFF analyses revealed an increase of the stress in this area up to a peak values of 1 bar at a depth that can be considered the most representative seismogenic layer of the central Apennines. 
Geological investigations performed along the SVF and MAVF revealed that these faults belong to the same 25-30-km-long active fault system that represents the surface expression of the same deep seismogenic fault. By applying the fault length-magnitude regressions (Wells and Coppersmith, 1994; Galli et al., 2008) the maximum expected magnitude of a seismic event originated along the SVF-MAVF system is of 6.6-6.8.
Paleoseismological analyses have identified two faulting events along the SVF-MAVF system, determining minimum surface displacements per event of about 70-80 cm. The earliest event occurred between 6381±30 BP and 3511±37 BP; the youngest event took place between the 4th century B.C. and the first millennium AD. In particular, archaeoseismological evidence in the Subequana valley allow to hypothesise that this event occurred during the 2nd-1st century B.C.. These data yeald a recurrence interval ranging between 4200 and 1400 years and an elapsed time since the last activation larger than 1000 years, and probably of about 2200 years. 

Hence, as both the recurrence interval and time since the last activation of the analysed fault system are definitely comparable with the mean recurrence time for the central Apennine faults – that is indeed in the order of 2000±1000 (e.g. Galli et al., 2008) – we can define the SVF-MAVF system as a “silent” seismogenic source that is able to produce large surficial displacements and consequent high-magnitude seismic events. This conclusion seems to be corroborated by the recent seismic tomographic investigations of Chiarabba et al. (2010) who defined the occurrence of a mid-crust high Vp, high Vs body underneath the area affected by the SVF-MAVF system which may represent a high-strength region where large stress drops and large slip can occur.
Moreover, although the estimated 1-bar Coulomb stress change in the SVF-MAVF sector determined by the 2009 seismic event is only 1 to 10% of the typical shear stress drop of an earthquake – and thus insufficient to cause earthquakes of any size, if taken alone (Abercrombie, 1994; Stein et al., 1995) – the resulting stress transfer levels corresponds to a reduction of about 200 yr of the recurrence interval of the SVF-MAVF system.

In the whole, our data fully justify the current anxiety of the society for the seismogenic behaviour of the SVF-MAVF system. Indeed, as depicted above, the 2009 seismic event has brought these faults closer to failure. Furthermore, the gathered geological information should be carefully taken into account and included in the estimations of the Central Italy probability of earthquake occurrence.
ACKNOWLEDGEMENTS

D. Pantosti (INGV), for her suggestions in the paleoseismological analyses. E. Ceccaroni (Soprintendenza per il beni archeologici dell’Abruzzo) and H. Borghesi (cooperativa LIMES) , for the analyses of the pottery and for the archaeological information. F. Riguzzi (INGV), for her help in manuscript preparation. We are also grateful to Lisa and her family and to all the people of Castel di Ieri and surrounding villages. The work has been partly financed by the Dipartimento della Protezione Civile-INGV 2007-2009 joint venture.
REFERENCES
Abercrombie, R.E., 1994. Earthquake seismology 2.5 km down the Cajon pass scientific drillhole, Southern California, in: Proceedings VII Internat. Symp. On the Observation of the Continental Crust through drilling (Santa Fe: Driling, Obervation and Sampling of the Earth’s Continental crust, Inc.), 221-224.

Aoudia, A., Borghi, A., Riva, R., Barzaghi, R., Ambrosius, B.A.C., Sabadini, R., Vermeersen, L. L. A., Panza, G.F., 2003. Postseismic deformation following the 1997 Umbria-Marche (Italy) moderate normal faulting earthquakes. Geophys. Res. Lett. 30 (7), 1390.

Atzori, S., Hunstad, I., Chini, M., Salvi, S., Tolomei, C., Bignami, C., Stramondo, S., Trasatti, E., Antonioli, A., Boschi, E., 2009. Finite fault inversion of DInSAR coseismic displacement of the 2009 L'Aquila earthquake (central Italy). Geophys. Res. Lett. 36, L15305.

Bagh, S., Chiaraluce, L., De Gori, P., Moretti, M., Govoni, A., Chiarabba, C., Di Bartolomeo, P., Romanelli, M., 2007. Background seismicity in the Central Apennines of Italy: The Abruzzo region case study. Tectonophysics 444, 80-92.

Bagnaia, R., D’Epifanio, A., Sylos Labini, S., 1992. Aquila and Subequan basins: an example of Quaternary evolution in central Apennines, Italy. Quaternaria Nova II, 187-209.
Barchi, M., Galadini, F., Lavecchia, G., Messina, P., Michetti, A.M., Peruzza, L., Pizzi, A., Tondi, E., Vittori, E. (ed), 2000. Sintesi delle conoscenze sulle faglie attive in Italia Centrale: parametrizzazione ai fini della caratterizzazione della pericolosità sismica. CNR-Gruppo Nazionale per la Difesa dai Terremoti - Roma, 2000, pp 62.
Boncio, P., Lavecchia, G., Pace, B., 2004. Defining a model of 3D seismogenic sources for Seismic Hazard Assessment applications: The case of central Apennines (Italy), J. Seismol. 8, 407-425,.

Boncio, P., Pizzi, A., Brozzetti, F., Pomposo, G., Lavecchia, G., Di Naccio, D., Ferrarini, F., 2010. Coseismic ground deformation of the 6 April 2009 L’Aquila earthquake (central Italy, Mw6.3). Geophys. Res. Lett. 37, L06308.

Bosi, C., Bertini, T., 1970. La geologia della media valle dell’Aterno. Mem. Soc. Geol. It. 9, 719-777.
Bosi, C., Galadini, F., Giaccio, B., Messina, P., Sposato, A., 2003. Plio-Quaternary continental deposits in the Latium-Abruzzi Apennines: the correlation of geological events across different intermontane basins. Il Quaternario (Italian Journal of Quaternary Sciences) 16, 55-76.

Calamita, F., Pizzi, A., Scisciani, V., De Girolamo, C., Coltorti, M., Pieruccini, P., Turco, E., 2000. Caratterizzazione delle faglie quaternarie nella dorsale appenninica umbro-marchigiana-abruzzese: CNR-Gruppo Nazionale per la Difesa dai Terremoti, Roma, 2000.

Campanelli, A., 2008. La monumentalizzazione dell’area sacra nel contesto archeologico e storico, in: Campanelli, A., Il tempio di Castel di Ieri, Sulmona 2008, 23-30.

Cavinato, G.P., De Celles, P.G., 1999. Extensional basins in the tectonically bimodal central Apennines fold-thrust belt, Italy: response to corner flow above a subducting slab in retrograde motion. Geology 27, 955-958.
Chiarabba, C., Amato, A., 2003. Vp and Vp/Vs images in the Mw 6.0 Colfiorito fault region (central Italy): a contribution to the understanding of seismotectonic and seismogenic processes. J. Geophys. Res. 108, doi:10.1029/2001JB001665.

Chiarabba, C., Jovane, L., DiStefano, R., 2005. A new view of Italian seismicity using 20 yearsof instrumental recordings. Tectonophysics 395, 251-268.

Chiarabba, C., Bagh, S., Bianchi, I., De Gori, P., Barchi, M., 2010.. Deep structural heterogeneities and the tectonic evolution of the Abruzzi region (Central Apennines, Italy) revealed by microseismicity, seismic tomography, and teleseismic receiver functions. Earth Planet. Sci. Lett. 295, 462-476.
Console, R., Murru, M., Falcone, G., Catalli, F., 2008. Stress interaction effect on the occurrence probability of characteristic earthquakes in Central Apennines. J. Geophys. Res. 113, B08313.

Console, R., Murru, M., Falcone, G., 2010. Perturbation of earthquake probability for interacting faults by static Coulomb stress changes. J. Seismol. 14, 67-77.

Dalla Via, G., Sabadini, R., De Natale, G., Pingue, F., 2005. Lithospheric rheology in southern Italy inferred from postseismic viscoelastic relaxation following the 1980 Irpinia earthquake. J. Geophys. Res. 110, B06311.

Devoti, R., Riguzzi, F., Cuffaro, M., Doglioni, C., 2008, New GPS constraints on the kinematics of the Apennines subduction. Earth Planet. Sci. Lett. 273, 163-174.

Di Luzio, E., Mele, G., Tiberti, M. M., Cavinato, G.P., Parotto, M., 2009. Moho deepening and shallow upper crustal delamination beneath the central Apennines. Earth Planet. Sci. Lett. 280, 1-12.

EMERGEO Working Group, 2010. Evidence for surface rupture associated with the Mw 6.3 L'Aquila earthquake sequence of April 2009 (central Italy). Terra Nova 22, 43-51.

Falcucci, E., Gori, S., Peronace, E., Fubelli, G., Moro, M., Saroli, M., Giaccio, B., Messina, P., Naso, G., Scardia, G., Sposato, A., Voltaggio, M., Galli, P., Galadini, F., 2009. The Paganica fault and surface coseismic ruptures caused by the 6 April, 2009, earthquake (L’Aquila, central Italy). Seism. Res. Lett. 80, 940-950.

Foglio CARG 1:50,000, 2009. Cartografia Geologica Ufficiale. Foglio N. 369, Sulmona.
Freed, A. M., 2005. Earthquake triggering by static, dynamic, and postseismic stress transfer, An. Rev. Earth Planet. Sci., 33, 335-367.

Galadini, F., 1999. Pleistocene changes in the central Apennine fault kinematics: a key to decipher active tectonics. Tectonics 18, 877-894.

Galadini, F., 2009. Defining the causes of ancient building collapse (structural decaying vs. seismic shaking) in archaeological deposits of central Italy. Il Quaternario (Italian Journal of Quaternary Sciences) 22 (1), 73-82.
Galadini, F., Galli, P., 2000. Active tectonics in the central Apennines (Italy) – Input data for seismic hazard assessment. Nat. Hazards 22, 225-270.
Galadini, F., Messina, P.,2001. Plio-Quaternary changes of normal fault architecture in the central Apennines (Italy). Geodinamica Acta 14, 321-344.

Galadini, F., Pantosti, D., Boncio, P., Galli, P., Messina, P., Montone, P., Pizzi, A., Salvi, S., 2009. Il terremoto del 6 aprile e le conoscenze sulle faglie attive dell’Appennino centrale. Progettazione Sismica 3, ISSN 1973-7432
Galli, P., Galadini, F., Pantosti, D., 2008. Twenty years of paleoseismology in Italy. Earth Sci. Rev. 88, 89-117.

Harris, R. A., 1998. Introduction to special section: Stress triggers, stress shadows, and implications for seismic hazard, Journal Of Geophysical Research-Solid Earth, 103, 24347-24358.
Istituto Nazionale di Geofisica e Vulcanologia, 2009. Analisi dati di sismicità, http://www.ingv.it
Magistrale, H., and S. Day, 1999. 3D simulations of multi-segment thrust fault rupture, Geophys. Res. Lett., 26(14), 2093–2096.

Miccadei, E., Barberi, R., De Caterini, G., 1997. Nuovi dati geologici sui depositi quaternari della conca Subequana (Appennino abruzzese). Il Quaternario (Italian Journal of Quaternary Sciences) 10 (2), 485-488.

Pace, B., Peruzza, L., Lavecchia, G., Boncio, P., 2006. Layered seismogenic source model and probabilistic seismic hazard analyses in central Italy. Bull. Seismol. Soc. Am. 96, 107-132.

Patacca, E., Scandone, P., Di Luzio, E., Cavinato, G.P., Parotto, M., 2008. Structural architecture of the central Apennines: Interpretation of the CROP 11 seismic profile from the Adriatic coast to the orographic divide. Tectonics 27, TC3006.
Piersanti, A., Nostro, C., Riguzzi, F., 2001. Active displacement field in the Suez-Sinai area: the role of postseismic defomation. Earth Planet. Sci. Lett. 193 (1-2), 13-23.

Pizzi, A., Falcucci, E., Gori, S., Galadini, F., Messina, P., Di Vincenzo, M., Esestime, P., Giaccio, B., Pomposo, G., Sposato, A.. Active faulting in the Maiella massif (central Apennines, Italy). GeoActa, an international Journal of Earth Sciences. In press.
Pollitz, F. F., 2003. Transient rheology of the uppermost mantle beneath the Mojave Desert, California. Earth Planet. Sci. Lett. 215, 89-104.

Pino, N. A., Di Luccio, F., 2009. Source complexity of the 6 April 2009 L’Aquila (central Italy) earthquake and its strongest aftershock revealed by  elementary seismological analysis. Geophys. Res. Lett. 36, L23305.
Pondrelli, S., Salimbeni, S., Ekstrom, G., Morelli, A., Gasperini, P., Vannucci, G., 2006. The Italian CMT dataset from 1977 to the present. Physics of the Earth and Planetary Interiors 159, 286-303.
Reasenberg, P. A. & Simpson, 1992. R. W., Response of regional seismicity to static stress change produced by the Loma Prieta earthquake, Science 255, 1687−1690.

Scholz, C. H., 1990. The Mechanics of Earthquake and Faulting. Cambridge University Press, New York.
Stein, R. S., 1999. The role of stress transfer in earthquake occurrence, Nature, 402, pp. 605-609.

Stein, R.S., 2003. Earthquake conversations, Scientific American 288, 72-79.

Stein, R. S., King, G. C. P., Lin, J., 1992. Change in Failure Stress on the Southern San Andreas Fault System Caused by the 1992 Magnitude=7.4 Landers Earthquake. Science 20, 1328-1332.

Stein, R. S., King, G. C. P, Lin, J., 1995. Stress triggering of earthquakes: evidence for the 1994 M=6.7 Northridge, California, shock. Annali di Geofisica 37, 1799-1805.

Stucchi, M., Albini, P., Mirto, C., Rebez, A., 2004. Assessing the completeness of Italian historical earthquake data. Annals of Geophysics 47, 659-673.

Wang, R., Lorenzo-Martín, F., Roth, F., 2006. PSGRN/PSCMP—a new code for calculating co- and post-seismic deformation, geoid and gravity changes based on the viscoelastic-gravitational dislocation theory. Computers & Geosciences 32, 527-541.

Wells, D. L., Coppersmith, K. J., 1994. New empirical relationships among magnitude, rupture length, rupture width, rupture area, and surface displacement. Bull. Seismol. Soc. Am. 84, 974-1002.

Wesnousky, S. G., 2006. Predicting the endpoints of earthquake ruptures. Nature 444, 358-360.

Working Group CPTI, 2008. Catalogo Parametrico dei Terremoti Italiani, versione 2008 (CPTI08). INGV, Bologna, Italy. http://emidius.mi.ingv.it/CPTI/ (Last check of the availability: Sept. 2010).

FIGURE CAPTIONS

Figure 1. Seismotectonic framework of the central Apennines showing active faults and epicenters of large historic earthquakes(modified after Galadini et al., 2009). Faults: MVEF, Mt. Vettore; NFS, Norcia; LMF, Laga Mts.; UAVFS, upper Aterno Valley; CIFS, Campo Imperatore; CF-OPF, Campo Felice-Ovindoli-Pezza; MAVFS, middle Aterno Valley; SVF, Subequana Valley; MMF, Mt. Morrone; FF, Fucino; MPF, Maiella-Porrara (Pizzi et al., 2009); ACF, Aremogna-Cinquemiglia; USFS, upper Sangro Valley.

Figure 2. Coseismic ΔCFF patterns, evaluated (a) 5km, (b) 9km, (c) 13 km and (d) 17 km at depth, are shown along the Paganica fault (PF), the Subequana Valley fault (SVF) and the Middle Aterno Valley fault (MAVF) and on the surrounding region. Each contour line evidences a CFF variation of 0.1 bar.

Figure 3. Residual postseismic ΔCFF patterns estimated 2 yr after the event, assuming three different viscosity profiles (VM1, VM2 and VM3), evaluated at depths 5 km, 9 km, 13 km and 17 km. Each contour line corresponds to a CFF variation of 0.01 bar.

Figure 4. (a) Shaded relief of the middle Aterno Valley and the main normal faults of the area. Dotted lines, connecting faults between the SVF and MAVF; (b) detail of the SVF showing trench site (white star). The distance between the trenches is of about 20 m; (c) panoramic view of the Subequana Valley. White triangles, the fault scarp; (d) wall of the quarry showing slope deposits, dated at 20401-18628 B.C. (calibrated 2σ), displaced by the main fault plane and by secondary shear planes (indicated by white triangles). The white dashed line marks the evidence of dragging of the slope deposits along the main fault ; (e) simplified scheme of the quarry wall.

Figure 5. Photographs of the trenches walls. White arrows, the fault planes.

Figure 6. Simplified logs of the trench walls. Trench A: units 1a, 2a and 4a to 7a are silty-sandy colluvial sediments, with sparse carbonate gravel; unit 3a is a cultural unit made of gray sand with a layer of burnt material at the base; units 8a to 10a are fluvial gravel and sand. Trench B: units 1b, 5b, 6b and 7b are cultural units filling ancient excavations units; units 4b and 8b to 11b are silty-sandy colluvial sediments with sparse carbonate gravel; units 12b to14b are fluvial gravel and sand; 2b and 3b are chaotic deposits derived from the erosion and re-sedimentation of units 11b to 14b. 
Figure 7. (a) Pottery fragments found within unit 7 of trench B and dated at 4th-1st century B.C.; (b) Late Pleistocene-Holocene fluvial deposits displaced by transfer faults (white triangles); (c) fault plane (white triangles) of the Middle Aterno Valley fault found near Molina Aterno.
Table 1. Viscosity structure of the assumed rheological models. η is the viscosity for Maxwell bodies; η1 and η2 are the transient and steady-state viscosities of the Burgers body, respectively. Viscosity is expressed in Pa s.
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