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We investigated the Late Quaternary activity of a major, crustal fault affecting the southern sector of Central Apennines, i.e., the Roveto Valley Fault (also known as Liri Valley fault). This sector of the chain was hit by numerous M>5 historical seismic events. For some of these, e.g., the 1654 one (Mw 6.33), the causative seismogenic source has never been conclusively defined. Within this seismotectonic framework, the recent activity of the Roveto Valley Fault is still a matter of debate. Some authors defined its activity as ended in the Middle Pleistocene; others considered it as currently active and seismogenic at least in its southern portion. We collected new geologic and geomorphologic data along the eastern (left) flank of the Roveto Valley, where the fault crops out, and we identified evidence of displacement of alluvial fans that we attributed to the Early, Middle, and Late Pleistocene. Moreover, the analysis of the relationship between colluvial/detrital deposits, chronologically constrained by means of radiocarbon dating, allowed us to define the activation of the Roveto Valley fault also during historical times, that is, over the past few centuries. Evidence of this has been collected along a large sector of the fault trace for a length of some tens of kilometres. The results of our studies contribute to improve the knowledge of the seismotectonic setting of a large sector of the Central Apennines. Indeed, proving the current activity of the Roveto Valley fault casts new light on possible seismogenic sources of major seismicity of central Italy, potentially responsible for severe damage over a wide area and to relevant cities, Rome being among them.
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1 INTRODUCTION
The Central Apennines in peninsular Italy have been modeled by Quaternary tectonics manifested in the uplift of the chain and activation of normal faults. Persistency of extensional tectonics is indicated by the displacement of Late Quaternary sediments and landforms. Expression of the current tectonic regime is the rich seismic history reported in the modern catalogues (Rovida et al., 2022), including events of magnitudes larger than 6 (up to 7.1) both in the past (e.g., the 1349, 1703, and 1915 earthquakes) and in the current millennium (the 2009 and 2016 earthquakes).
Recent fault motions have been the object of modern investigations since the 1970s by combining Quaternary geology and geomorphology (Bosi and Bertini, 1970; Bosi, 1975). Paleoseismological investigations have been pervasively made along supposedly active structures since the end of the 1980s (Giraudi, 1989) to collect data on the Late Pleistocene–Holocene activation of faults.
During the past decades, geological studies on the current fault behavior have been dedicated to two interlaced themes of interest for engineering practices: 1) the identification of capable faults, having implications in planning the land use (Commissione tecnica per la Microzonazione Sismica, 2015) and 2) the definition of seismogenic sources, generally having a key role in evaluating potential seismic ground motion through seismic hazard assessment or shaking scenarios for engineering works (Bosi and Galadini, 1995). Within this framework, although databases of capable faults (ITHACA Working Group, 2019) and seismogenic sources (DISS Working Group, 2018) have been produced, available information on these items cannot be considered as conclusive for both 1) methodological aspects (Maceroni et al., 2021) and 2) knowledge on the activity of specific faults/sources. An example of this is the Roveto Valley Fault (hereafter RVF), the object of the present work, as its current activity and seismogenic behavior are still a debated matter. Carrara et al. (1995a, b) stated that displacements along the fault have been supposed only for the Early Quaternary, implying the current fault’s inactivity. By contrast, other authors considered the fault as active during the whole Quaternary (Roberts and Michetti, 2004; Papanikolaou et al., 2005), and more recently, recent activity has been demonstrated for the southern prolongation of the fault (i.e., the Posta Fibreno fault; Saroli et al., 2022), while further investigations defined the inactivity of the northernmost sector (Galadini et al., 2022). These aspects are by no means trivial as for the evaluations on the fault capability, since villages are settled along the fault (Pescosolido, Balsorano, San Vincenzo Valle Roveto, Morrea, Civita d’Antino, Capistrello, etc.) and local constraints on land-use planning may derive from the application of the guidelines on active and capable faults related to seismic microzonations (Figure 1A). Moreover, the attribution of activity or inactivity has paramount implications on the estimation of the seismogenic potential; e.g., a source potentially responsible for large-magnitude earthquakes in Central Italy may or may not be added to the current seismogenic datasets. The expected ground motion has, in turn, implications for the defense against earthquakes, considering that towns such as Avezzano and Sora, having about 40,000 and 25,000 inhabitants, respectively, are in the investigated area. Moreover, a large-magnitude event nucleated in this region might cause severe damage even to Rome, located few tens of km to the west, as already occurred in 1349 and 1915 (I 7–8 and 6–7 MCS, respectively; Locati et al., 2022), just to mention the two major historical earthquakes with the epicenter located in the investigated area.
[image: Figure 1]FIGURE 1 | (A) Details of the sheet 151 “Alatri” and sheet 152 “Sora” (mapping scale 1:100.000) (Carta Geologica d’Italia 1:100.000, 1941a, Carta Geologica d’Italia 1:100.000, 1941b) of the geological map of Italy of the southern Abruzzo and Lazio regions where the study area is located and details of the Campoli Appennino fan and the Balsorano Synthem (insets). (B) Digital terrain model (shaded relief) of the sector of the Central Apennines between the southern Abruzzo and the south-eastern Lazio regions; trace of the Roveto Valley–Posta Fibreno Fault, red dash-dotted line.
Starting from these premises, the evidence of Quaternary activity along the RVF is presented and discussed in this article.
Based on the obtained results, in the conclusions, we make inferences on the seismotectonic implications of our analysis, especially as for the possible relationship between the RVF activity and the large-magnitude historical seismic events which struck this region (and, inherently, which can occur in the future) over the past centuries.
2 MATERIALS AND METHODS
The Quaternary activity of the RVF has been investigated by means of geological field analysis, aerial-photograph analysis, and stratigraphic investigations of the Quaternary continental sequences that deposited in the Roveto Valley, focusing on the middle-to-late Quaternary fault activity. With regard to the aero-photograph analysis, several aerial photos of the Italian Military Geographical Institute (IGM), taken in 1954 and 1956, were analyzed from morphotectonic and morphostratigraphic investigations morphotectonic and morphostratigraphic investigations. These allowed us to obtain preliminary information regarding the identification of the main fault trace and of minor splays that characterize the structural framework of the investigated tectonic structure. Furthermore, this analysis allowed us to characterize the morpholithostratigraphic setting of the area in which the fault is located. This is useful for understanding the chronological framework to which the detected continental units relate. Moreover, in order to achieve chronological constraints for the deposition of the detected continental units, especially for the late Quaternary units, we collected, where possible, samples of charcoal and of the organic-rich sediments to be dated by means of the 14C method. Dating was performed by Beta Analytics laboratory, adopting procedures described on the website at link https://www.radiocarbon.com/italiano/archeologia-lab.htm.
3 GEOLOGICAL AND SEISMOTECTONIC SETTINGS
3.1 The Roveto Valley
The NW–SE trending Roveto Valley, incised by the Liri River, is located in the western sector of the Central Apennines.
The valley is surrounded by mountain reliefs, reaching about 2,000 m in altitude, made of Meso-Cenozoic rocks of carbonate marine sequences. Within the valley, the silicoclastic Miocene turbidite sequence (clayey-arenaceous lithotypes) crops out extensively. Moreover, in few places, a polygenic conglomerate containing allogenic elements attributed to the Late Messinian–Early Pleistocene unconformably overlies the carbonate bedrock. The conglomerate represents the last deposit of a marine environment of the area (Cipollari and Cosentino, 1999; Saroli et al., 2003). Indeed, since the Late Pliocene–Early Pleistocene, the valley hosts continental sedimentary sequences such as slope, alluvial, alluvial fans, lake, and calcareous tufa deposits (Figure 1A).
In terms of tectonic evolution, this sector of the chain developed mainly since the Neogene, through the in-sequence north-eastward propagation of thrust faults, with a piggy-back style (Cipollari and Cosentino, 1999). The Simbruini–Ernici mountainous thrust front, a regional structure that bounds the western flank of the Roveto Valley, first activated in the early Messinian and was then involved during the late Messinian in an out-of-sequence structure, while the paleogeographic domain of the Marsica region was involved in the thrust front propagation (Cipollari et al., 1995; Cipollari and Cosentino, 1999; Saroli et al., 2003; Cosentino et al., 2010).
The Roveto Valley is bounded to the east by a regional fault line, the RVF, part of the “Val Roveto-Atina-Caserta Line” defined by Funiciello et al. (1981).
Several studies (Beneo, 1936; Accordi et al., 1969; Parotto, 1971; Parotto and Praturlon, 1975; Serafini and Vittori, 1995; Saroli et al., 2003) investigated the structural characteristics and evolution of the RVF. The fault has been characterized by different kinematics during time, i.e., the dip–slip motions followed those strike–slip motions (Salvini, 1992; Serafini and Vittori, 1995). Notably, geophysical data showed that the RVF crosses the entire crust, likely displacing the Moho discontinuity (Mostardini and Merlini, 1986; Locardi and Nicolich, 1988; Cavinato et al., 1994; Bernabini et al., 1996).
By analyzing the meso-structures in the Roveto Valley, Sora Plain, and Comino Valley, Serafini and Vittori (1995) concluded that this sector of the Apennine chain experienced several tectonic phases, with progressive rotation of the compressive axis from about SSW–NNE to WSW–ENE. According to the aforementioned authors, the thrust activity here ended in the Pliocene, followed by a transcurrent phase and then by extensional phase. The authors reported that the RVF shows evidence of recent activity with strike–slip left-lateral kinematics, as indicated by the displacement of a Pleistocene alluvial fan, named by the authors as Campoli Appennino Conglomerates.
According to Carrara et al. (1995a), the RVF was responsible for the dislocation of the deposits of the Balsorano fan, named by the authors as “Breccias of the second and third depositional phases” attributed to the Early Pleistocene. However, the authors stated that the fault seems to be sealed by more recent alluvial fan bodies belonging to the “Breccias of the fourth depositional phase” which were deposited during the Middle Pleistocene (Carrara et al., 1995a, b) (Figure 2A).
[image: Figure 2]FIGURE 2 | (A) Geological scheme of the study area proposed by Carrara et al., 1995a where the Roveto Valley Fault trace is indicated by a red dash-dotted line. The legend provided in the work of Carrara et al., 1995a: 1) deposits more recent than the breccias of the fourth depositional phase; 2) chaotic deposit; 3) breccias of the fourth depositional phase; 4) breccias of the third depositional phase; 5) alluvial fan; 6) overlapping of the second, third and fourth breccias depositional phase; 7) breccias of the second depositional phase; 8) fluvial and lacustrine deposits; 9) breccias of the first depositional phase; and 10) Meso-Cenozoic carbonate bedrock. (B) Geological scheme of the study area proposed by Saroli et al. (2003) where the Posta Fibreno Fault trace is marked by a red dash-dotted line. Legend provided in the work of Saroli et al. (2003): (dt)- talus material and “red soils”, fluvial-terraced, lacustrine, and travertine deposits; (alt-b)- recent alluvial fans; (fld)- braided fluvial and lacustrine deposits; (af)- ancient cemented alluvial fans; (pc)- poligenic conglomerates with allogenic elements; (caf)- Miocene flysch, (mo)- “Marne a Orbulina” formation (Miocene); and (evu, crtu-a, crtu-b, wmu)- Meso-Cenozoic carbonate bedrock.
Differently from Carrara et al. (1995a, b), Saroli et al. (2006, 2012, 2022) defined fault activity as persistent throughout the Quaternary, at least along the southern fault segment (Figure 2B), named as the Posta Fibreno Fault. According to these authors, the fault activity and the related deformation field conditioned a NW–SE distribution of the dolines, pervasively distributed in the carbonate reliefs of the study area. Moreover, the fault activity induced lowering of the karstic base level, determining the progressive embedding of the karst systems. According to the same authors, this would have occurred during the Early Pleistocene, after the deposition of the first order of the aforementioned Campoli Appennino alluvial fan, when the base groundwater level was close to the surface (Figure 1A). In this framework, Saroli et al. (2022) provides an approximate value of the vertical movement associated with the activity of the Posta Fibreno Fault, supposedly the southern branch of the RVF. Considering that the estimated onset of karst processes is around the Early Pleistocene, the authors obtain a displacement rate in the order of 0.4–0.7 mm/year associated with the fault system.
Finally, Roberts and Michetti, 2004 and Papanikolaou et al., 2005 attribute the current activity to the RVF (referred by the aforementioned authors as the “Liri Fault”) basing on morphotectonic criteria, i.e., the presence of well-preserved bedrock scarps along the fault surficial expression, supposed to be diagnostic of the fault activity. Based just on the height of the scarp in a couple of sites, the authors estimated fault offset, yielding slip rates (0.3–1.1 mm/yr, Roberts and Michetti, 2004; 0.4–0.8 mm/yr, Papanikolaou et al., 2005) averaged over the last 18 ka.
3.2 Seismotectonic overview of the Roveto Valley Fault
In the whole, the RVF is located in a sector of the Apennines, affected by the main extensional active faults of Central Italy, responsible for historical and instrumental earthquakes even with magnitude in the range M6–7 (Figure 1B).
The investigated area has been struck by strong earthquakes in 1349 (Mw 6.80), 1654 (Mw 6.33), and 1915 (Mw 7.08) (Rovida et al., 2022), and by seismic events with 5 ≤ Mw ≤ 6, as those that occurred in 1922 and 1927. The seismogenic source that generated the 1915 event has been identified in the Fucino Fault, east of the Roveto Valley (e.g., Michetti et al., 1996; Galadini and Galli, 1999, 2000; Gori et al., 2017) (Figure 1B). As for the Lazio–Molise (southernmost) shock of the seismic sequence occurred in 1349 (Figure 1A), a possible causative source was identified in the “Aquae Iuliae Fault” by Galli and Naso (2009). By contrast, in the case of the 1654 earthquake (Figure 1B), detailed geological investigations to define the causative fault have never been made. In the last few years, the earthquake has been tentatively associated to the “Posta Fibreno Fault”, located in the southernmost sector of the investigated area, showing evidence of the late Quaternary activity between Vicalvi and Pescosolido (Saroli et al., 2012, 2022). Seismogenic hypotheses have been recently discussed by Cucci and Cinti (2022), who reviewed the available historical, hydrological, geological, and seismological data related to the 1654 earthquake, suggesting the “Sora Fault” (mapped in the area of Sora by ITHACA Working Group, 2019 and Boncio et al., 2004) as the probable causative source.
Considering the uncertainties and the importance of this open seismogenic issue, casting light on the late Quaternary activity of the RVF appears crucial for the improvement of the knowledge on the Apennine seismotectonic framework.
4 FIELD DATA
Field investigations have been performed along the trace of the RVF. The fault scarp has been observed continuously from Civitella Roveto to the NE, to Pescosolido, to the SW, for a length of about 28 km. The fault plane is irregularly exposed at the base of the fault scarp (Figure 3). The observations made are described at specific “sites”, whose locations are reported in Figure 1A.
[image: Figure 3]FIGURE 3 | Fault scarps between Pescosolido and Canistro. (A) Panoramic view (view to SE) of the eastern flank of the Roveto Valley between Canistro and Civitella Roveto; red arrows indicate the fault escarpment. (B) The fault plane seen near the site of “Grotta di San Bartolomeo”, described in the main text. (C) The fault plane exposed NE of Civita d’Antino. (D) Panoramic view (view to NE) of the eastern flank of the Roveto Valley, E of San Giovanni Valle Roveto Superiore; red arrows indicate the fault escarpment; a simplified stereonet of the available kinematic data of the fault planes displayed in the photos, inset; the orange arrows indicate the regional extensional direction (E) The fault plane exposed just SE of San Vincenzo Valle Roveto Superiore. (F) The fault plane, affecting Early Pleistocene slope-derived deposits, seen near the “Le Chieie” site, described in the main text.
4.1 “Balsorano” site
Geomorphological and geological analyses have been made in the area of Balsorano, where Carrara et al., 1995a indicated the presence of a complex alluvial fan made of superposed orders, composing a sedimentary body up to several tens of meters thick, which the authors referred to the Early Pleistocene, basing on morpholithostratigraphic considerations. Here, we refer to this complex alluvial fan sequence as “Balsorano Synthem” merging the different alluvial fan orders. From a sedimentological point of view, the Balsorano Synthem is largely represented by cemented well-stratified breccias mainly made of carbonate heterometric and angular-to-subrounded clasts. The texture is generally clast-supported, and the sparse cement is mainly sandy–silty pink–orange. The chronological attribution made by Carrara et al., 1995a and the described lithological and sedimentological characteristics suggest that the “Balsorano Synthem” could be comparable to other slope deposits, widespread in the Central Apennines, and referred to the Early Pleistocene “Second Sedimentary Cycle” of Bosi et al., 2003, having the same lithological and sedimentological characteristics and being in comparable geomorphic relation to the landscape.
Aerial photo analysis and field surveys were dedicated to the investigation of an N-140° trending escarpment (about 80 m mean high), that crosses the body of the Balsorano Synthem. This morphological feature was interpreted in the literature as the scarp related to the RVF (Carrara et al., 1995a, b) (Figures 4A,B).
[image: Figure 4]FIGURE 4 | (A) Panoramic view (view to NE) of the eastern flank of the Roveto Valley in the Balsorano area, where the deposits pertaining to the “Balsorano Synthem” crop out. The Roveto Valley fault escarpment is indicated by red arrows. (B) Detail of the fault escarpment (red arrows) crosscutting the Balsorano Synthem. (C) Satellite image (from Google Earth) of the Balsorano Synthem. (D) Simplified geological and geomorphological scheme of the Balsorano Synthem. The different colors of the Balsorano Synthem refer to the different facies. (E) Details of the fault escarpments that crosscut the Balsorano Synthem; the yellow dashed line indicates the sub-horizontal attitude of the deposit layers at the fault footwall; the red line indicates the fault scarp that truncates the deposit layers, leaving them hanging over the present valley bottom.
At the footwall of the fault scarp, the deposits of the Balsorano Synthem crop out. The lateral and basal contacts with the carbonate bedrock are seen at places along the slope. The layers of the Balsorano Synthem are clearly truncated by the fault and left perched over the present valley bottom (Figure 4E).
A wide erosional surface has been detected both on the footwall and the hanging wall of the fault, carved on the bedrock and the Balsorano Synthem in the footwall and only on the Balsorano Synthem in the hanging wall. Moreover, a net of small stream incisions affects the erosional surface along both the fault blocks. Comparable to the layers of the Balsorano Synthem, these stream incisions also appear as left-perched in the fault footwall over the correlative ones in the hanging wall. These pieces of evidence thus indicate that the fault not only displaced the deposits of the Balsorano Synthem but also the erosional surface carved on it and the more recent stream incision net (Figures 4C, D).
This implies that the fault activity persisted after the Balsorano Synthem deposition, affecting the geomorphic features that postdate the deposits, i.e., after the Early Pleistocene. A rough estimation of post-Early Pleistocene fault displacement coincides with the height of the fault scarp at this site, that is, about 80 m. This is also confirmed by the evidence we collected along the fault just north of the Balsorano Synthem area, at the “La Stretta-a” site described below.
4.2 “La Stretta-a” site
Here, the fault scarp crosses an alluvial fan, which is morphologically embedded in the Balsorano Synthem.
A stream incision that crosscuts perpendicularly to the fault scarp and the alluvial fan exposes the sub-horizontal basal contact of the alluvial gravel onto the carbonate bedrock in the footwall. In the hanging wall block, instead, the incision is entirely carved into the alluvial sediments. Their basal contact with the bedrock is not visible (that is, it is buried underneath the stream valley bottom), and fault activity placed these deposits in lateral contact with the bedrock of the footwall.
Moreover, the top erosional surface of the fan in the footwall is located at an altitude higher than the top surface in the hanging wall. This evidence points out to the fault activity during and after the deposition of the sedimentary body (Figure 5).
[image: Figure 5]FIGURE 5 | The “La Stretta-a” site. (A) View (to the WNW) of the right flank of the incision that exposes the “La Stretta” alluvial fan. (B) Structural and stratigraphic setting of the area, showing the displacement of the alluvial fan due to the Roveto Valley Fault activity.
The exposure of the basal contact of the alluvial deposits on the carbonate bedrock in the footwall and the lack of the correlative feature in the hanging wall define a post-Early Pleistocene minimum fault offset. In fact, the difference in elevation between the basal contact of the alluvial fan onto the bedrock in the footwall and the stream incision, in the hanging wall, provides a minimum fault offset value of about 20 m. This represents a minimum offset value because it does not refer to the correlation across the fault of synchronous stratigraphic/morphological features as the basal contact in the hanging wall is buried and not exposed to allow an actual offset estimation. Instead, further post-Early Pleistocene fault displacement can be also evaluated by considering the difference in elevation between the erosional top surface of the alluvial fan both in the footwall and in the hanging wall that is in the order of 5 m. Nonetheless, as the top surface may have undergone erosion and/or accumulation of younger deposits on it, this makes the correlation of the top surfaces across the fault much less reliable to the estimate fault displacement than the correlation of the base of the correlative sedimentary body across the fault.
The geological evidence previously described indicates that the fault activity persisted even during times more recent than the Early Pleistocene. To verify this hypothesis, we investigated some natural and handmade excavations in some selected sites along different sectors of the RVF, as here described.
5 EVIDENCE OF THE LATE QUATERNARY ACTIVITY OF THE RVF
5.1 “La Stretta-b” site
We made an excavation on the left flank of the small incision described at the “La Stretta-a” site (Figure 6). The excavation exposed the contact between bedrock and colluvial deposits. The nature of these deposits and their location, with respect to the morphostratigraphic setting of the site, suggest that they resulted from the erosion of the alluvial sediments mentioned for the “La Stretta-a” site. Considering the origin of these unconsolidated deposits, we hypothesized a post-Early Pleistocene age of deposition.
[image: Figure 6]FIGURE 6 | Geomorphologic scheme of the “La Stretta-b " and “Le Chieie” sites. Topographic map (scale 1:10.000) from opengeodata of the Abruzzi Region (http://opendata.regione.abruzzo.it/content/dbtr-regione-abruzzo-scala-110000-edizione-2007-formato-ecw).
The colluvial body can be subdivided into two sub-units: the lower one is made of cm-sized, subrounded carbonate clasts in abundant brownish silty–sandy matrix; the upper one is made of cm-to-dm-sized, subangular-to-subrounded carbonate clasts in yellowish–orange sandy matrix.
The bedrock is pervasively affected by shear planes and deformation features. The contact with the colluvial deposit is marked by a fault plane striking N-100° and dipping at 65° (structural data, as fault plane and shear plane attitudes refer to the “Right Hand Rule” notation, henceforth RHR) (Figures 7A,B), whose orientation is consistent with that of the RVF (Figure 3).
[image: Figure 7]FIGURE 7 | (A) Handmade excavation made at the “La Stretta-b” site; wall of the excavation that shows the colluvial deposits (in the hanging wall) placed in contact with the carbonate bedrock (in the footwall) caused by the fault; the yellow box shows a detail of the excavation in ‘C’. (B) Stratigraphic scheme of the excavation wall; a and b indicate the sub-units of the colluvial body. (C) Details of the shear zone, marked by red arrows, between the limestone and the colluvial deposits and a detail of the deposit dragged along the fault plane, marked by white dash-dotted line.
The colluvial deposit appears deformed and dragged along the fault plane, suggesting fault activity after its deposition (Figure 7C).
We can rule out that this contact is the consequence of lateral contact between the colluvial deposits and the carbonate bedrock simply due to erosion, based on the following considerations:
(1) The dip angle of the contact appears higher than would be expected if it has been caused by simple erosion, as it would have assumed lower dip angle and it would appeared smoother, with an upward concave shape.
(2) Taking into account the high degree of erodibility of the fault footwall, characterized by intensive fractured carbonate rock losing its primary sedimentary structure, the contact would have not been so vertical (as displayed in Figure 7) but it would appeared with an angle comparable to the slope gradient;
(3) In the fault hanging wall, the deposit layers appear verticalized and dragged against the fault plane, assuming a high dip angle not concordant to the primary repose angle of the deposit (Van Burkalow, 1945; Metcalf, 1966; Carrigy, 1970; Carson, 1977; Wang et al., 2013).
5.2 “Le Chieie” site
Along the prolongation toward the SE of the fault escarpment observed in the “La Stretta” site area (Figure 6), we performed a handmade excavation that uncovered the contact between the carbonate bedrock, exposed in the fault footwall, and colluvial deposits found in the fault hanging wall (Figures 6, 8). The bedrock appeared intensely fractured and sheared. The colluvial deposit was made of cm-sized angular carbonate clasts in a coarse–sandy yellowish–brownish matrix. Two charcoal shards (samples named as BALS 1 and BALS 2) found in the colluvial unit were dated with the radiocarbon method, and they gave ages of 661–774 cal. A.D. (1280 ± 30 years BP) and 1150–1256 cal. A. D (860 ± 30 years BP), respectively (Figure 9).
[image: Figure 8]FIGURE 8 | (A) View of the handmade excavation made at the “Le Chieie” site; the yellow boxes show details of the shear zones. (B) Stratigraphic scheme of the excavation wall.
[image: Figure 9]FIGURE 9 | (A) Details of the excavation wall made at the “Le Chieie” site. The close-up view shows the contact between the limestone and the colluvial deposit, marked by white–red arrows; the yellow dots indicate the location of the dated charcoals reported in the main text. (B) Details of the shear zone whose movement involves the carbonate bedrock and the colluvial sediment.
The contact with the colluvial deposits is marked by N-110°, 62° (according to RHR)-oriented fault plane and other secondary structural features, whose orientation was consistent with that of the main plane (Figure 3F). The sediments appeared dragged and deformed along this fault plane (Figure 9A). Moreover, the colluvial deposit is also involved in the movements of secondary shear planes (Figure 9B), located at the footwall of the main fault plane, that locally describe lithons and sigmoidal structures (the sediments are in places “surrounded” by the bedrock through shear planes; Figure 9B).
Comparably to the “La Stretta-b” site described previously, we can rule out that the main fault plane is just the effect of the lateral contact of the colluvial deposits and the bedrock due to erosion and that the secondary features are just open fractures and not fault planes that displaced the colluvial deposits based on the following observations and considerations:
(1) The high dip angle of the contact is not compatible with a simple erosional surface because if the contact has been caused by erosion it would have assumed a lower dip angle and it would have had a smoother shape. In this regard, considering the highly sheared carbonate rock that characterized the fault zone, the sole erosion would have made the contact much less abrupt and much smoother.
(2) Considering the attitude of the secondary planes, that is, they are not simply vertical open fissures but they display a counter-slope opening, it is very difficult to assume that they opened with such an attitude and remained open to allow the colluvial deposit to fill it. In this regard, filling has not occurred vertically, as expected from the opening of a simple fracture, but they appear to have been filled “laterally”, that is, counter-intuitively, against gravity. Hence, the observed features are necessarily the effect of shearing due to the fault activity.
We can also rule out that the described outcrop shows just chaotic deposits (i.e., landslides) found along the fault zone because if they have been blocks contained within an organic-rich sediment (i.e., the colluvial deposit) they would have not remained all standing vertical but they would have toppled and resting on the slope. For the sake of argument, even assuming that they are carbonate blocks in a colluvial matrix, they would have not remained standing vertical “by chance” right along the fault zone, but they would have been subsequently verticalized by the fault movements that involved the colluvial deposit.
The tectonic origin of the observed contact is also corroborated by aerial-photograph analysis and geomorphological field observations that indicate that the observed displacement of the colluvial unit cannot be ascribed to other non-tectonic processes, such as landslides. Indeed, no evidence of gravity-driven phenomena is observed here, such as landslide scarps or counter-slope scarps or tilted trees or any other gravity-related landforms. This is particularly relevant considering the age of the deformation, as recent gravitational slope movements would have left visible evidence in the local landscape which is lacking at this site. The obtained dates define a “post quem” age for the colluvial deposition and thus for the RVF movement, which occurred during or after the late Middle Age.
5.3 “Cornarello” site
This site (Figure 10) is located just SE of San Giovanni Valle Roveto Superiore (Figures 3D,E). Here, we performed another excavation across the fault zone that exposed a N-140° striking shear plane that placed the carbonate bedrock of the footwall (intensely fractured and sheared) in contact with a colluvial unit made of brownish sandy clay and sparse mm-to-cm-sized carbonate pebbles. The deposit was displaced by the fault and involved in the shear zone, as shown in Figure 11.
[image: Figure 10]FIGURE 10 | Geomorphologic scheme of the “Cornarello” site. Topographic map (scale 1:10.000) from opengeodata of the Abruzzi Region (http://opendata.regione.abruzzo.it/content/dbtr-regione-abruzzo-scala-110000-edizione-2007-formato-ecw).
[image: Figure 11]FIGURE 11 | (A) Wall of the excavation made at the “Cornarello” site. (B) Stratigraphic scheme of the excavation wall.
Comparable to the “La Stretta-b” and “Le Chieie” sites described previously, we can rule out that the evidence of faulting is just the effect of erosion that is placed in lateral contact of the colluvial deposit with the carbonate bedrock and that the observed features are just the filling of fractures opened in the bedrock from the following evidence and considerations:
(1) The colluvial deposit is displaced and lowered as in the fault-hanging wall, the basal contact of the sediment with the carbonate bedrock appears lowered and it ends abruptly against the vertical fault shear zone.
(2) Considering that the bedrock in the footwall of the shear zone is characterised by almost pulverized carbonate rock, if the lateral contact between the bedrock and the colluvial deposit has simply been due to erosional processes, taking into account the high degree of erodibility of the fault footwall and the thickness of the colluvial deposit, the contact would have not appeared vertical (even counter-slope dipping) up to the ground surface (as it is), but it would have assumed a lower dip angle and would also have been much smoother (especially in the upper tip, closer to the ground surface).
(3) If the observed features were only open fractures, such a weak lithology of the shear zone (in which the fractures opened) would have not permitted the “lithons” to remain standing vertical but they would have collapsed within the fractures themselves, that is, the fractures would also have been filled with fragments of the pulverized rock itself; instead, the few fragments of the bedrock found within the fractures displayed only a vertical arrangement, parallel to the shear zone, and they were not found with a chaotic arrangement, as expected if they just collapsed within an open fracture without shearing.
Furthermore, as in the case of the “Le Chieie” site, no evidence of gravity-driven phenomena are here observed, such as landslide scarps or counter-slope scarps or tilted trees or any other gravity-related landforms, that could mimic the tectonic displacement. Hence, what can be observed in this site is the evidence of faulting of the colluvial deposit owing to fault movements.
The absence of correlative deposits in the footwall hindered the estimation of the fault offset. Nonetheless, the relation between the colluvial deposit and the local geomorphic setting suggests a very recent age of the sedimentary unit. In fact, the colluvial deposit detected at the “Cornarello” site is located over an alluvial fan which, in turn, appears morphologically embedded in the “Balsorano Synthem”. This morphostratigraphic relationship with other stratigraphic units of the area supports our chronological attribution. Moreover, the colluvial deposit is morphologically in relation to the present slopes, such that it likely represents the product of the last climatic phases that sculptured the Central Apennine slopes and that produced widespread slope deposits along mountain reliefs. These allow to conceivably attribute the colluvial sediment to the late Quaternary, likely to the Late Pleistocene.
5.4 “Grotta di San Bartolomeo” site
The excavation was made NE of the settlement of Civitella Roveto, near the site of “Grotta di San Bartolomeo” (Figure 12), where the plane of the RVF is well-exposed at the base of the main fault scarp (Figure 3B).
[image: Figure 12]FIGURE 12 | Geomorphologic scheme of the “Grotta di San Bartolomeo” site. Topographic map (scale 1:10.000) from opengeodata of the Abruzzi Region (http://opendata.regione.abruzzo.it/content/dbtr-regione-abruzzo-scala-110000-edizione-2007-formato-ecw).
Here, starting from the faint evidence of fault displacement in an existing outcrop, we made an excavation that allowed us to investigate the tectonic structure, trending N-120°,70° (according to the RHR), placing the carbonate bedrock exposed in the footwall in contact with a sequence of slope and colluvial deposits accumulated at the base of the fault scarp, and cropping out in the fault-hanging wall.
The analysis of the excavation wall permitted to observe that the sediments have been displaced by the movement of the main fault plane and of at least one synthetic shear plane.
As shown in Figure 13, we distinguished five sedimentary units, here described from the lowermost (the older unit exposed by the excavation) to the uppermost and the more recent one.
[image: Figure 13]FIGURE 13 | (A) Wall of the excavation made at the “Grotta di San Bartolomeno” site. (B) Stratigraphic scheme of the excavation walls. (C) Details of the fault zone; evidence of dragging of the deposits along the fault plane is marked by red arrows. The inset shows the basal contact of Unit 2, marked by a white dashed line, cross cutting, and sealing the f2.
Unit 5: colluvial deposits made of sparse carbonate angular-to-subangular, cm-sized clasts in abundant brownish sandy–clayey organic-rich matrix. A charcoal fragment (sample name CIV1) was found and collected for radiocarbon dating, and it gave an age of 517–380 cal. B.C. (2,350 ± 30 years BP) We also collected two samples of the organic-rich matrix (samples were named as CIV BK1 and CIV BK3), which have been radiocarbon dated at 6,474–6,401 cal. B.C. (7,590 ± 30 years BP) and 6,062–5,977 cal. B.C. (7,120 ± 30 years BP), respectively. The discrepancy between the age of the matrix and that obtained from charcoals could be expected. Indeed, the age obtained from the organic-rich matrix of colluvial sediments derives inherently from an average age of the organic parent material plus the possible organic matter brought in the colluvial deposits by underground water circulation. Nonetheless, the obtained dates only define a “post quem” age for the colluvial deposition. Hence, in terms of chronostratigraphic attribution, it has to be considered that the colluvial sediment was deposited after the most recent of the obtained ages.
Unit 4: slope debris made of cm-size angular-to-subangular carbonate clasts, with layers showing different texture (clast- and matrix-supported), and silty brownish-orange matrix. Two sub-units have been distinguished (sub-units 4a and 4b) based on the relative abundance of calcrete remnants, larger in 4b. The layers are generally sub-horizontal, slightly dipping towards the SW.
Unit 3: it unconformably overlies Unit 4 and the related top erosional surface gently dipping towards SW, marked by a line of mm-to-cm size carbonate pebbles. This unit is made of slope debris, angular-to-subangular carbonate clasts in rare and sparse coarse sandy yellowish–brownish matrix (clast-supported texture), alternating with rare silty–sandy layers.
Unit 2: colluvial deposits made of angular carbonate clasts of various sizes in a brown sandy matrix (matrix-supported texture). An erosional surface marks the contact between this deposit and Units 3 and 4.
Unit 1: colluvial deposits made of brown sandy silt with abundant angular-to-subangular carbonate pebbles.
From the analysis of the relationship between the sedimentary sequence and the shear zone, it is possible to distinguish the occurrence of at least two faulting events that involved the deposits (Figures 13B, 14).
[image: Figure 14]FIGURE 14 | Palinspastic restoration of the tectonosedimentary evolution of the “Grotta di San Bartolomeo” excavation as derived from the analysis of the excavation wall. The different erosional, depositional, and faulting events are shown starting from the oldest (T0) to the youngest (T10).
The older event, E2, is testified by the displacement of Units 5 and 4 along the fault plane f2. These units end abruptly against the fault plane, being deformed along it. Fault f2, however, is sealed by the erosional surface which separates Units 4 and 3 from Unit 2. Unit 2, conversely, is displaced and dragged along the fault plane f1, testifying to the occurrence of a subsequent faulting event, E1. The analysis of the excavation wall did not allow to definitely infer whether Unit 1 was involved in E1 or not, since the available exposure does not clearly define the relationship between this unit and the fault shear zone.
The occurrence of deformation events occurred after the deposition of Unit 3 is also testified by the attitude of the layers of this unit, which showed a dip angle of about 50° toward the SW (i.e., toward the valley). This value is slightly higher than the primary dip angle of such kind of sediments (e.g. Van Burkalow, 1945; Metcalf, 1966; Carrigy, 1970; Carson, 1977; Wang et al., 2013), suggesting the occurrence of a little rotation as the effect of the dragging.
Despite the absence of correlative deposits at the fault footwall, the thickness of Unit 2, which is placed in contact with the bedrock by E1, allows us to make reasonable hypothesis of the amount of the surface offset caused by E1. Indeed, by observing the geometrical setting of Unit 2 (Figure 14) with respect to the fault plane and by considering that Unit 2 must have been present in the fault footwall (the current absence of Unit 2 in the fault footwall is likely due to erosion) the preserved thickness of Unit 2 in the fault-hanging wall suggests a minimum surface offset caused by E1 in the order of 50 cm. This must be considered as a rough estimation of the minimum offset, considering the limit between Units 2 and 1 corresponds to an erosional surface, so that it is not possible to estimate the actual, original thickness of Unit 2.
6 DISCUSSION
Investigations at different sites along the RVF allow making inferences about the activity of this tectonic structure, discussed here in the following points:
(1) Differently from what Carrara et al. (1995a, b) proposed, the fault not only displaced the deposits of the Balsorano Synthem but also the alluvial fan embedded within the Synthem itself (Figure 5). Although no chronological data are available to date to constrain the age of that alluvial fan, the morphostratigraphic relationship with the Balsorano Synthem suggests an age that postdates the Early Pleistocene. We can also estimate in about 20 m the minimum offset affecting the faulted alluvial fan. Further investigations need better constraint to the chronology of the displaced alluvial fans and to obtain reliable long term slip rate estimates of the main fault branches.
(2) The excavations made along the fault at different sites corroborate the fault activity throughout the Quaternary, up to the late Holocene. Specifically, the observations made at the “Le Chieie” and “Grotta di San Bartolomeo” sites permit to identify the occurrence of two faulting events after 517–380 B.C. (calibrated age), that in the past 2,500 years. In particular, the last fault activation event occurred after 1,150–1,256 AD (calibrated age), considering the chronological data obtained at the “Le Chieie” site. Owing the very recent age of the last faulting event detected in both sites (i.e., likely occurred is the past millennium), we can hypothesize that the last event detected at the “Le Chieie” site may correspond to E1 of the “Grotta di San Bartolomeo” site, i.e. the youngest event of the two detected there, following 517–380 B.C. (calibrated age). Therefore, we can likely assume the occurrence of the last episode of the fault activation during or after the late–Middle Ages. Moreover, the observation made at these sites inherently indicates that these events caused significant surface faulting.
(3) The location of the fault and the chronological constraints for the faulting events allow some inferences regarding the possible attribution of major local historical earthquakes to the activation of this tectonic structure. Specifically, the fault location and geometrical features, paleoseismological data, and historical seismicity suggest that the fault may have generated during the the Mw 6.33 ± 0.14, 1654 earthquake (Rovida et al., 2022) whose epicentral area was located in the lower Roveto Valley–Sora Basin (Figure 15). This seismic event is compatible with the RVF in terms of i) intensity datapoint distribution, with respect to the trace and attitude of the fault, ii) age of surface faulting event that we identified, iii) amount of surface offset with respect to the earthquake estimated magnitude, and iv) earthquake magnitude with respect to fault length. Consistency between the 1654 earthquake and a seismogenic fault located in the lower Roveto Valley–Sora Basin, roughly fitting with the southern portion of the RVF, is supported by source modeling proposed by Cucci and Cinti (2022), based on the intensity distribution and other earthquake data. Nonetheless, the authors matched their modeling results with information only derived from the literature concerning the possible active faults and active fault geometries of the area (Boncio et al., 2004; ITHACA Working Group, 2019) which does not include results of recent field investigations. Furthermore, Cucci and Cinti’s modeling does not suggest that a fault in the Balsorano area caused the 1654 earthquake. Nonetheless, our observations indicate rupture of the RVF during a time span was compatible with the 1654 event also in that area. A partial conclusion may be that historical information concerning the 1654 earthquake should be improved in terms of both intensity estimation and intensity distribution. Otherwise, considering the obtained chronological constraints for event E1, we may hypothesize that the RVF originated during an earthquake earlier than 1654, e.g., during the Late–Middle Ages. Considering the proximity of the investigated area with the Fucino Basin, this working hypothesis should also be verified by comparing the available data on the RVF with published (Galadini and Galli, 1999; Galli et al., 2016) and still unpublished (data by some of the authors of this article) evidence of possible medieval earthquake effects collected in that basin. Moreover, RVF activation related to the strong 1349 earthquake (presently dubitatively attributed to the Aquae Iuliae Fault by Galli and Naso, 2009) should also be considered.
(4) As for the segmentation of the RVF in the seismogenic perspective, Pace et al., 2020 defined a source in the northern sector of the valley, named “Liri”, whose trace at the surface coincides with the RVF but whose extension toward south only partially corresponds to the section of the fault along which we found evidence of Holocene activity. Despite the clear structural continuity of the fault toward south, the geological reason why the source proposed by Pace et al., 2020 abruptly ends southward is unclear and similarly unclear is the basis for the proposed fault segmentation. Moreover, most of the trace of the “Liri” seismogenic source coincides with the section of the fault where geological evidence of fault inactivity has been found recently (Galadini et al., 2022).
(5) Regarding the evidence of the recent fault activity, a crucial aspect must be underlined: in many places along the fault trace, the fault plane exposure is due to non-tectonic processes related to the local geological and lithological framework of the slopes affected by the RVF. Indeed, in most of its traces, the fault places the carbonate bedrock of the footwall in contact with the Miocene clayey–sandy sin–orogenic flysch and locally with continental Quaternary deposits overlaying the flysch. Such a setting favors exhumation of the fault plane on the carbonate bedrock due to: 
[image: Figure 15]FIGURE 15 | Digital terrain model (shaded relief) of the Roveto Valley Fault (red line) area on which the intensity distribution (MCS scale) of the 1654 earthquake (Mw 6.33) is reported (from Rovida et al., 2022).
a) landslides involving flysch and, often, overlying continental deposits, with the fault plane playing the role of a preferential sliding surface in its surficial portion
b) differential erosion between the carbonate bedrock and much more erodible lithotypes the in fault-hanging wall
On these grounds, the evidence of fault activity we collected and the sites we selected and examined have had, as a fundamental pre-condition, the analysis of the sites to verify the absence of the aforementioned surface non-tectonic phenomena, to make our evidence-based inferences reliable. Moreover, this aspect focuses the attention on reliability of defining fault activity, the related kinematic behavior and slip parameters mainly related to morphologic evidence, such as the exposure of fault planes (as in the works by Roberts and Michetti, 2004, and Papanikolaou et al., 2005, on the Roveto Valley–Liri Valley fault), without detailed investigations on the possible non-tectonic causes of the fault plane exposition and of the displacement of recent deposits and landforms. In this regard, other authors have questioned the reliability of bedrock fault plane exposition as a proxy and morphologic element that only by itself testifies to fault activity (e.g., Galadini, 1999; Galadini and Galli, 2000; Fubelli et al., 2009; Kastelic et al., 2017). The investigations along the RVF we made in the last years have fostered our opinion about the misleading potential of the bedrock fault scarps and related fault plane exposures to collect information on active tectonics and to process data in the seismogenic perspective.
(6) The location of the sites investigated in the present work, combined with the information obtained from recent publications (Galadini et al., 2022; Saroli et al., 2022) allow to trace the active portion of the RVF for about 35 Km. This, associated with the geophysical evidence that the fault crosscuts at least the upper crust (Locardi and Nicolich, 1988), indicates that the RVF is the manifestation at the surface of a major active crustal tectonic structure whose movements are able to displace the ground surface. Moreover, as the evidence we collected indicates fault activation characterized by discrete displacement events, it is possible to attribute sudden episodes of activation to the RVF likely associated with the nucleation of earthquakes. Taking into consideration the magnitude threshold for the occurrence of primary-surface faulting in the Apennines, that is Mw 5.5–6 (Michetti et al., 2000; Falcucci et al., 2016), we can hypothesize that strong seismic events may be caused by sudden activation of the RVF. Within this light, by applying the regression proposed by Wells and Coppersmith (1994) or by Galli et al. (2008) for the Italian active faults, a fault length at the surface of about 35 Km (by adding the investigated fault section to that of the Posta Fibreno sector investigated by Saroli et al., 2022; Figure 15) yields a maximum expected magnitude for earthquakes generated by the RVF in the order of Mw 6.9. In addition to the seismogenic implications, the available data have consequences also for the definition of the capable faulting, and therefore for potential surface faulting, in the investigated area. The trace of the fault which can be considered active and capable based on the data presented here is very close to some villages located along the left flank of the Roveto Valley, notably (from north) Morrea, San Vincenzo Valle Roveto, San Giovanni Valle Roveto Superiore, and Ridotti. Evidence of recent fault motion in these areas has implications in processing local seismic microzonations according to the current guidelines (Technical Commission on Seismic Microzonation, 2015). Products of these applied research studies have, in turn, implications in planning land use, through further detailed investigations on recent activity, possibly involving paleoseismological analyses. Therefore, future interventions for engineering purposes may cast further light on the recent historical activity of the RVF.
7 CONCLUSION
In this work, we investigated, for the first time, the Late Pleistocene–Holocene activity of the RVF, by means of comprehensive and extensive geological, geomorphological, and paleoseismological investigations along most of the RVF trace that represents one of the major faults of the southern Abruzzo and Lazio regions. The current activity of this tectonic structure is still a matter of debate in the literature. Several sectors of this fault revealed displacement of continental deposits, in particular of alluvial fans probably Middle-to-Late Pleistocene in age and, more importantly, of colluvial deposits dated to the late Holocene. Specifically, we first identified evidence of two Holocene faulting events after 517–380 AD (calibrated age), the most recent of which occurred after 1150–1256 AD (calibrated age), responsible for more than 0.5 m minimum surface offset. The collected geological evidence, the paleoseismological data, and the location of the fault compared to the damage distribution of the major local seismic events suggest that the RVF has been the source of Mw 6.33 ± 0.14, 1654 seismic event (as already hypothesized by Saroli et al. (2022) or of a preceding, still undefined, event possibly occurred during the Late Middle Ages, as only for later periods the seismic catalogues should include complete information as for the destructive earthquakes.
However, considering the maximum expected magnitude of an earthquake generated by the activation of the entire RVF (ca. 35km), to be on order of Mw 6.9, and the magnitude of the 1654 earthquake, the possible association of this seismic event to the fault implies that the fault possibly did not release the maximum potential earthquake in 1654, or that the earthquake did not rupture the whole fault as a consequence of still undefined fault segmentation. This clarifies that further investigations on the RVF should be addressed to solve these open seismogenic issues.
Finally, our work first provides new and crucial parameters for a major active fault of the Central Apennines, located in a region where important urban areas are located such as Sora and Avezzano, and that is close to the urban area of Rome, which suffered severe damage from historical earthquakes that originated in areas adjacent to the RVF, such as the 1915 and 1349 earthquakes.
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