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Many large-magnitude faults (6.5≤ Mw ≤7.2) of the Italian Apennines are characterized by multi-century return times, so historical sources may have missed their last earthquake or other predecessors. Hence, even in Italy, where seismic catalogs are among the most comprehensive and time-extensive worldwide, there is a need for complementary studies that might fill the lack of historical information and enhance the knowledge concerning the recurrence times of destructive earthquakes. As paleoseismology is the discipline that can do this, in this study, we present results collected in five new trenches opened along the 33-km-long Norcia fault system (central Apennines) where, in addition to the historically known 1703 earthquake (Mw 6.9), we uncovered indications of four Holocene predecessor, with a recurrence time of 1,825 ± 420 years. Considering also the paleoseismic results already published on the nearby Mt Vettore fault system (2016 earthquake of Mw 6.6), we guess that now the seismic hazard of this region could be assessed more robustly.
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1 INTRODUCTION
Although the Italian seismic catalogs are probably among the most comprehensive and time-extensive compilations worldwide, the recurrence times of destructive earthquakes (Mw ≥6.5) throughout the seismogenic structures of the Apennines are sometimes longer or at the limit of the time span covered by historical sources (Galli, 2020). For this reason, it is likely that we missed more than a few strong earthquakes between the Roman times and the end of the Middle Ages (e.g., in Stucchi and Albini, 2000). Thus, extending seismic catalogs back in time to include at least the last missing events released by a silent fault or the predecessors of an earthquake known to have been sourced by a seismogenic structure is the challenge for the next-generation of earthquake geologists in Italy.
A recent case is the rupture of the Mt Vettore normal fault (2016 central Italy sequence: Mw 6.2, Mw 6.1, Mw 6.6; Figure 1), a historically dormant structure for which three paleoseismic trenches opened in February 1998 (Galli and Galadini, 1999) had already identified, among others, the last two paleoearthquakes and, in particular, the ultimate Mw 6.6 event that occurred just before 240–480 CE (Galadini and Galli, 2003). Further paleoseismic studies have now refined the age of the 2016 predecessor (Galli et al., 2019), associating it with the 443 CE earthquake, which is already on record in the catalogs although with an epicenter in Rome and an unreliable magnitude (Mw 5.6; CFTI5Med, 2018). If these paleoearthquakes had been considered with the right epicentral parameters provided by the studies of the late 1990s, we imagine that the framework of the seismic hazard of the region would have been different, as well as the awareness of the associated seismic risk.
[image: Figure 1]FIGURE 1 | Shaded relief map of the region traversed by the Norcia fault system (blue lines, NFS. CPF, Campi-Preci segment; NF, Norcia segment; MAF, Mount Alvagnano segment; CF, Cascia faults) and by the Mount Vettore fault system (black, MVFS). CFS, the southernmost tip of the Colfiorito fault system. Yellow circles, epicenters of Mw≥5.5 events (mod. from CPTI15, 2015). MVFS was responsible for the three mainshocks of the 2016 seismic sequence, labeled 20161−3. Orange box, Figure 2; cdc, Capo del Colle. Modified from Galli et al. (2022).
We present in this study the results gathered from five new paleoseismic trenches opened across the 33-km-long Norcia fault system (Figure 1), which is a normal structure roughly paralleling the Mt Vettore fault in its hanging wall, and that was responsible for the Mw 6.9 event that occurred on 14 January 1703. Our results integrate those obtained from 10 previous trenches that we opened in the Norcia surroundings, as well as other key outcrops that were re-excavated and investigated along different segments of the fault system. 
2 SEISMOTECTONIC FRAMEWORK
2.1 Historical seismicity
The seismicity of the Norcia region over the past millennium is fairly well known, with some reports for earlier periods as well. Like most Italian settlements, Norcia has its roots in the mists of time so that underneath the remains of the Roman municipium, archaeologists discovered a palimpsest of older settlements, extending back to the Bronze Age (12th century BCE; e.g., in Fazzini et al., 2001). The first accounts of an earthquake in Norcia date back to Roman times (99 BCE) when because of a “terrae motu” the sacred temple was destroyed (see details in Galli et al., 2018). Archaeological investigations in the surrounding region have confirmed the energy of this event, providing indications of structural damage and collapse of Roman buildings datable to the onset of the first century BCE (Coarelli and Diosono, 2009; Galli, 2023). Similar to all the Mw >6 Apennine earthquakes, this event was strongly felt in Rome (120 km away), where Mars’ spears trembled in the Regia (see Galli and Molin, 2014). Although historical sources remained silent for more than a millennium, we again have information about strong earthquakes in the last seven centuries (see macroseismic epicenters in Figure 1). The first one destroyed Norcia (site intensity: Is 9–10 MCS; Mercalli-Cancani-Sieberg scale, Sieberg, 1932) and other neighboring settlements on 4 December 1328 (Mw ∼ 6.5) with approximately a thousand of victims. Another one, in 1599 (Mw ∼ 6.0), struck all the villages of the Cascia basin, with 50 victims. Then, a catastrophic earthquake occurred on 14 January 1703 (Io, 11 MCS; Mw ∼ 6.9), when Norcia and dozens of villages in the whole region were literally razed to the ground (site intensity Is 10–11 MCS) and again strong effects were reported in Rome (Galli and Molin, 2014). According to a contemporary physician (Baglivi, 1710), during the mainshock, “prominent chasms opened in the Norcia fields,” which suggests the occurrence of extensive surface faulting. The same was reported for the hillslope of Mt Alvagnano that opened “for a length of 1.5 miles” (i.e., 2.2 km; De Carolis and Franceschini, 1703; De Carolis, 1703; or “for the length of 1,500 paces”; Baglivi, 1710) and further to the south, “for a length of 1.5 miles” (Baglivi, 1710). In 1730, an Mw ∼ 6.0 earthquake hit the region again with severe damage in Norcia (Is 9 MCS, 200 victims in Norcia), while in 1859, an Mw ∼ 5.7 event caused new damage to many settlements in the Campi basin, with effects of Is 8–9 MCS in Campi and Norcia, where 101 person died due to the collapse of several buildings. In 1979, a Mw 5.9 twin of the 1599 event induced macroseismic effects of Is 8–9 MCS in the Cascia basin and Is 7 MCS in Norcia, where faint ground breaks were observed as well as along the Mount Alvagnano-Civita slopes (Marsan and Cerone, 1980; Blumetti, 1995).
In the end, the 2016 sequence (Mw 6.2–6.1–6.6), generated by the progressive rupture of the Mt Vettore fault system (MVFS, Figure 1), caused the collapse of all the churches in Norcia and Campi as well as most of the villages of the area, besides severe damage and collapses to many buildings. Note worthily, some urban splays of the Norcia fault recorded up to 12 cm of surface offset (red dotted lines in Figure 2; Galderisi and Galli, 2020) although no earthquakes were released by this fault (Improta et al., 2019).
[image: Figure 2]FIGURE 2 | Shaded relief map of the Norcia area (see orange rectangle in Figure 1 for location) evidencing the faulted, relic top-surface (yellow) of the Late Pleistocene-post Last Glacial Maximum (>14–12 ka) alluvial fan of Patino (stars, 14C dated paleosols within the Patino fan gravels). Note the NW-SE Graben-like structure that downthrows the distal sector of this fan (left), and the Norcia master fault traversing its medium portion (upper-right). T1-10 are the paleoseismological trenches in Galli et al. (2018), T11 and T13 in this paper. Green, Meso-Cenozoic, marine carbonates. Gray, other Quaternary slopes, and alluvial deposits (Middle Pleistocene-Holocene). Red dotted lines indicate the 2016, passive fault re-activation (Galderisi and Galli, 2020).
2.2 Active tectonics
Active tectonics in the Italian Apennines is driven by NW-SE striking normal faults, roughly aligned along the entire divide of the chain (Galadini and Galli, 2000) and accommodating 2.9–3.4 mm/year NE-SW extension (D'Agostino, 2014; Devoti et al., 2017). Since the Late Pliocene, these faults have progressively dissected the pre-existing Apennine fold-and-thrust wedge, giving rise to a peculiar morphology consisting of elongated intramontane basins that developed in their hanging wall and were increasingly filled by Quaternary fluvial-to-lacustrine deposits (Cinque et al., 1993; Bosi et al., 2003; Boncio et al., 2004; Galadini and Messina, 2004; Galli et al., 2010; Giaccio et al., 2012), with sedimentation rates proportional to fault slip rates (Giaccio et al., 2023).
The Quaternary evolution of the Norcia region has been investigated by many authors (e.g., Scarsella, 1941; Calamita et al., 1982; Blumetti and Dramis, 1993; Brozzetti and Lavecchia, 1994; Calamita et al., 1994; Calamita et al., 1995; Cello et al., 1997; Galadini and Galli, 2000; Galli et al., 2020; ISPRA, 2021). These studies, integrated with paleoseismic investigations, allowed for the identification of the branched Norcia Fault System (NFS; Figure 1) as the seismogenic structure responsible for most of the historical seismicity of the region (Galli et al., 2005; Galli et al., 2018; Galli et al., 2020). The 33-km-long NFS is composed of three main NNW-SSE normal faults with dextral step-over (from the north: Campi-Preci, Norcia, and Cascia-Mt Alvagnano; Figure 1), running 10 km away from the Mt Vettore fault system, in its hanging wall. The segments are characterized by rectilinear slopes, triangular facets, and wine-glass valleys along the eastern carbonate hillslopes of as many elongated intermontane basins (Figure 3). Some of these basins are still in an embryonic phase (e.g., Mt Alvagnano segment), while others are filled with Middle-Late Pleistocene fluvial-lacustrine deposits, rich in tephra levels that allowed K/Ar dating of a part of the alluvial succession (e.g., in ISPRA, 2021). The long-term activity of the NFS can also be inferred from numerous evidence of Early to Middle Pleistocene-faulted slope-breccias outcropping along the entire fault system, as well as Middle Pleistocene alluvial deposits displaced by secondary faults within the Norcia basin (Blumetti and Dramis, 1993). As aforementioned, the Late Pleistocene activity of these faults has been ascertained by several paleoseismological studies conducted over the past 20 years. In particular, since the early 2000s, a pair of secondary splays running in the hanging wall of the Norcia master fault (herein referred to as urban splays of Norcia) have been investigated by 10 paleoseismological trenches (Figure 2). Trenches 1-3 were opened in 2003 across the antithetic splay (Galli et al., 2005), as well as trenches 4-5 in 2005. Trenches 6-7 in 2005 and 8-9 in 2006 were opened across the synthetic splay, as was Trench 10 in 2017. Data and results are summarized in Galli et al. (2018). Additional paleoseismological evidence was found along the Cascia-Monte Alvagnano segment (Galli et al., 2020), as well as from an awesome archaeoseismic case point on the Norcia master fault (Galli et al., 2022). In contrast, no evidence of recent surface faulting has ever been found along the Preci-Campi segment. Overall, in the 10 trenches opened across the Norcia urban splays, Galli et al. (2018) found indications for two other paleoearthquakes in addition to the 1703 earthquake. One matching the historically known 99 BCE event and one occurring earlier in the first half of the second millennium BCE at the beginning of the Middle Bronze Age (i.e., just before 3,600–3,800 BP). Besides these three consecutive earthquakes, an earlier event has been dated to around 7,500 BP.
[image: Figure 3]FIGURE 3 | View looking southeast of the Campi (A) and Norcia (B) intramontane basins, both bounded on their eastern side by a flat, rectilinear fault-slope, with triangular facets and wine-glass valleys. The carbonate slickenside is almost completely buried by thick talus deposits in the Norcia basin, whereas it outcrops discontinuously in the Campi basin.
3 MATERIALS AND METHODS
3.1 Field investigations
Field investigations were carried out in the area crossed by the NFS in both Norcia and Campi basins. Geological, structural, and sedimentary-facies analyses were integrated with field geomorphological observations and aerial stereopair photos (1954 NATO photographs; 1:33,000 scale), together with a digital terrain model (DTM) that we derived from 1:5,000 topographic maps and, partly, from a 1-m resolution LiDAR DTM (Norcia basin).
3.2 Paleoseismic trenches
Five paleoseismic excavations were carried out using different tracked diggers. After digging, the exposed walls were cleaned, smoothed, and equipped with a 0.5 to 1-m-spaced grid, and then plotted at a 1:20 scale on a millimeter graph paper. Hundreds of georeferenced photos were taken with different natural and artificial light and then mosaiced and overlaid on the final trench plot. High-detail photomosaics of the trench walls were created based on a workflow from Reitman et al. (2015) and Delano et al. (2021), using Structure-from-Motion (SfM) algorithms by AgiSoft Metashape software. In one trench, the presence of loose deposits caused the instability of the walls, resulting in repeated detachments of sediment slices that made it impossible for the continuous and detailed survey of the trench. Therefore, the complete investigation of the walls was conducted using an IOS-based laser scanner (IPad Pro) and through a photo-mosaic, while the topographic references (scarp and trench profile, network vertices, samples, and key horizons) were obtained with a GNSS RTK satellite receiver. Samples of organic sediments (paleosols and colluvia), charred materials, bones, and ceramic materials (bricks and tiles) were also collected for dating the different stratigraphical units.
3.3 Dating
The age of the deposits has been constrained by both radiocarbon analyses (see Table 1) and chronologically diagnostic archaeological pottery shards. The latter was studied following the procedures and literature reported for the same aim by Galli et al. (2005). The former was performed on both detrital charcoals and bulk samples using the accelerator mass spectrometry (AMS) technique at the Beta Analytic (Miami, United States) laboratories. Standards and analytical protocols are both available at http://www.radiocarbon.com/.
TABLE 1 | Radiocarbon ages of samples collected in the investigated area in this study and previous studies (AMS, accelerator mass spectrometry by Beta Analytic Inc., Florida). 2σ calibration with software CALIB 8.2 software (Stuiver et al., 2021). G&18, Galli et al. (2018); G&22, ISPRA21, ISPRA (2021); Galli et al. (2022).
[image: Table 1]4 NEW RESULTS
Two trenches were opened across the Norcia urban splays: trench#11 across the fault scarp cumulated by the synthetic fault and trench#13 across the antithetic one, close to the Roman-Medieval walls of Norcia (T11 and T13 in Figure 2). The other three trenches were opened across the Campi segment: trench#14 in Capo del Colle (T14; cdc in Figure 1), a medieval settlement built just above the fault slickenside and trenches#15 and #16 at the apex of two alluvial fans exiting the fault hillslope south and north of Campi (T15 and T16 in Figure 1). These were the first trenches ever excavated on the Campi segment.
4.1 Trench 11 (Norcia synthetic splay)
This 50-m-long and 4-m-deep trench was designed across the synthetic splay that traverses the northeastern outskirts of Norcia, approximately 1.5 km downward the master fault (Figure 2). This splay caused up to 35 m offset of the top surface of the Patino alluvial fan, as measured in different profiles across the resulting 1.5-km-long fault scarp. At the base of the scarp, Galli et al. (2005), Galli et al. (2008), Galli et al. (2018), Galli et al. (2022) report rare outcrops of the hardened fault plane affecting the alluvial fan deposits, as well as several interbedded paleosols dated between 30 and 12 ka.
4.1.1 Stratigraphy
In the footwall, below the present-day pedogenetic horizon (unit 1 in Figure 4), the excavation unearthed faintly stratified carbonate gravels, with interbedded 10–20 cm-thick subhorizontal paleosols (unit 6, distal portion of Late Pleistocene-Holocene Patino alluvial fan). Two AMS ages of these paleosols (13 and 18 ka) match those of other paleosols sampled in natural outcrops next to this site (Figure 4; Galli et al., 2022). Approaching the main fault, a set of synthetic and antithetic shear planes makes it very complicated to draw the limit between the original alluvial fan succession and its reworked material. These shear planes have been superimposed by tensile fractures that were successively filled by other colluvia and then notched by anthropic pits infilled by coarse, rounded gravels (4a). Upward, all is mantled by a brownish colluvium (2) deposited above an erosional surface. Conversely, the hanging wall presents only gravelly colluvia in the abundant, sandy, reddish matrix, organized in thick massive bodies paralleling the slope profile (unit 4). The AMS ages of these colluvia fall around half of the past millennium (1,435–1,625 CE; 1,395–1,445 CE), predating the colluvial wedge 3, which contains an age of 1,640–1,805 CE. Below the present-day pedogenetic horizon (1), the trench shows the brownish colluvium (unit 2) laid down over the aforementioned erosional surface that truncates units 4 and 4a. It contains detrital coal dated 1,220–1,280 CE, which is surely reworked from its parent material (Unit 4).
[image: Figure 4]FIGURE 4 | Section of the fault scarp where we opened Trench 11. Calibrated AMS dates of the sampled paleosols, charcoals, and organic colluvium are also shown. The bottom right is the paleoseismological log of the main fault zone. In this trench, we infer the occurrence of an event in modern times, characterized by a vertical offset of more than 1 m, definitely referable to the Mw 6.9 earthquake of January 14, 1703. Legend of stratigraphyc units: 1, present soil; 2, sandy-gravel colluvium; 3, sandy-gravel colluvial-wedge of the last surface faulting event; 4, sandy-gravel colluvium (4a gravelly infilling of man-made pits); 5, reddish sandy colluvium; 6, Late Pleistocene-Holocene Patino alluvial fan.
4.1.2 Tectonics and paleoseismology
The topographic leveling of the whole fault scarp allowed us to quantify, in this study, the vertical separation at ca. 35 m, which is the maximum value reached along the whole scarp facing Norcia. This offset cumulated progressively after the burying of the paleosols in the footwall, which were both found in the trench (18–12 ka) and even in surrounding outcrops (14–12 ka, Galli et al., 2022) few meters below the top surface (Figure 4). This suggests a slip-rate of ∼2.5 mm/yr in this fault sector although the lack of correlative paleosols in the hanging wall hampers the absolute offset determination.
At the middle height of the scarp, a sharp N170°-striking and ∼55°-dipping contact between the fan gravel (unit 6) and its colluvium (unit 4) is interpreted as the main fault plane (Figures 4, 5). The fault downthrows the fan gravel at least 5 m below the ground surface, which is the maximum depth reached by the digger without finding the gravel.
[image: Figure 5]FIGURE 5 | Photo-mosaic of the main fault zone in the north wall of Trench 11, cleaned and equipped with the metric grid. Bottom-right, whitish Patino fan gravels (Upper Pleistocene; 6 in Figure 4), tectonized and faulted against reddish colluvium (bottom-left; 5 in Figure 4), both mantled by other colluvia at the top (3-2 in Figure 4). Note the two pockets of coarse gravels dug into the Patino fan gravels (4a in Figure 4).
Considering the scarp steepness (35°–20°), the aforementioned zone of strong disturbance above the main fault is interpreted as due to coseismic gravity movements triggered by the main fault rupture. The downthrown of the hanging wall and the consequent relaxation in the footwall deposits resulted in the opening of wide fractures in the loose alluvial fan gravels, rapidly filled by reddish colluvia sliding downward from the above pedogenic layers. Charcoal collected in these faulted and remobilized deposits gave a calibrated age (1,435–1,625 AD; Figure 4), attesting to the very recent activity of the fault.
The paleoseismological analysis of the main fault zone provided some interesting indications regarding the last activations of the Norcia fault. In the fault gauge, we distinguished a reddish colluvium stretched and dragged along a fault (unit 5 in Figure 4). It could likely be an old colluvial wedge trapped and dragged between two fault branches that formed successively. Its AMS age (7.5 ky BP) could slightly predate an ancient surface faulting event. Above this, unit 4 is also faulted and dragged along the fault plane by at least 1 m. The space created by the coseismic down-throwing of unit 4 was quickly refilled by a wedge-shaped colluvial body made of fine gravels in a reddish, sandy-silty matrix (unit 3 in Figure 4). This contains tile fragments, detrital coals, and a peculiar 1-to-5-cm-thick level of wood-ash, which was recognizable all along the entire length of the trenched hanging wall. The AMS age of this level (1,640–1,805 CE) postdates Unit 4 faulting and unquestionably indicates that the responsible event is that of 14 January 1703. Possibly, the ash layer might be due to the collapses and related fires triggered by the earthquake.
4.2 Trench 13 (Norcia antithetic splay)
Trench 13 was designed across the antithetic splay that, together with the synthetic one, gave rise to the Graben between the walled town and the Patino top surface (Figure 2). This structural saddle is both populated by modern buildings and reworked by large excavations and embankments that have housed containers and prefabs since the 1979 earthquake and again, since the 2016 earthquake. Where there were no housing blocks, the land surface was deeply leveled and reworked by centuries of agricultural and mining activity, predating even the building settlement. All of this has resulted in no scarp or surface evidence being associated with the antithetic splay. Some indications of its subdued presence along the northwest continuation of the fault that Galli et al. (2005), Galli et al. (2018) trenched 500 m away are visible in the Electrical Resistivity Tomography (ERT) reported by Galli et al. (2018) and Peronace et al. (2022). The 40-m-long trench was opened in flat, uncultivated terrain to a depth of 3 m. Due to local impediments, it crossed the fault line obliquely, resulting in a 3-m-offset of the fault intersections on the two facing walls (Figures 6, 7). It is worth noting that next to the fault was found the burial site of a 1.8-m-tall man inside a wooden coffin secured by a dozen large iron nails. At the time of discovery, the skeleton was perfectly preserved, and the bones showed no fractures, except in the skull which appeared to be smashed.
[image: Figure 6]FIGURE 6 | The view of the southern wall of trench 13, cleaned and equipped with the metric and semimetric grid. From the right, a first subvertical fault lowers the cemented Patino gravels (8 in Figure 7), as does a second shear plane that faults these gravels against others in a reddish sandy matrix (7 in Figure 7) and against a reddish paleosol (5 in Figure 7). Upward, an anthropic erosional surface levels both footwall and hanging-wall, being buried by 0.7 m of fill and/or pedogenized agricultural soil at the top.
[image: Figure 7]FIGURE 7 | Paleoseismological sketches comparing the two walls of Trench 13. For convenience, the southern wall (C) has been mirrored. Given the obliquity with which the trench intersects the fault, the fault is more advanced in the northern wall (A) than in the southern wall. Besides the 1703 event, here, we hypothesize the presence of two previous events (*, a sample collected in the other trench wall; **, a sample collected in trench T6 in Galli et al., 2018). (B) oblique view looking SSE of Nik’s skeleton.
4.2.1 Stratigraphy
In the footwall, the excavation exposed mainly the well-stratified gravels of the Patino alluvial fan (Unit 8). In past centuries, these gravels had been extensively subjected to mining to a maximum depth of 1.5 m from the present ground level. The resulting pits were then filled by natural colluviation of surface deposits and mainly by loose, coarse, rounded gravels, within which numerous fragments of tiles, bricks, and coarse pottery of the modern age were found (outer sector of Figures 6, 7). Loose gravels in an orange silty-sandy matrix were found in the hanging wall (unit 7; upper portion of unit 8), covered by an orange silty-sandy, stiff paleosol with scattered flint clasts and ghosts of carbonate clasts (unit 5). The northern wall had an additional grayish layer above the orange paleosol, composed of reworked hardened sands with carbonate clasts and pottery fragments, likely fill material deposited for leveling a ground step (unit 3). Against the fault plane, colluvial wedges and a fracture fill were dragged and stretched along it (units 6, 4).
The succession was dated from seven AMS samples and through some correlations with similar deposits already dated in previous studies (Galli et al., 2018). In general, the Patino gravels, both of the footwall and hanging wall, were definitely deposited in the second half of the Upper Pleistocene, as shown by some ISPRA (2021) radiocarbon dating of paleosols intercepted at 10 m below the ground surface in geognostic boreholes (i.e., ∼45 ka). As for the mature orange paleosol (unit 5), it was found in earlier trenches around Norcia, where its base was dated ∼13.5 ka and its top was ∼3.7 ka (Galli et al., 2018). In Trench 13, the age was that referable to a truncated portion of the paleosol (charcoal dated 4,975–4,850 BP). The overlying grayish layer in the northern wall (Unit 3, reworked fill material) provided a bulk age (3,165–2,965 BP) inconsistent with the deposition of the unit, which is historic, also given the presence of brick and tile fragments, as well as pottery shards. The radiometric age likely belonged to its parent material. A further chronological constraint came from the buried man (northern wall, unit 2), whose AMS age was found to be late-Republican, between the early second century BCE and the beginning of the present era (170 BCE-10 CE). The inhumation and last surface faulting were sealed by the uppermost deposit (unit 1), which contained a detrital charcoal of the modern age (1,665–1,820 CE), besides modern pottery shards and fragments of bricks and tiles.
4.2.2 Tectonics and paleoseismology
The good stability of the trench allowed for a comparative paleoseismological analysis of the two walls. The fault abruptly displaced the lightly cemented Patino gravels (unit 8), down-throwing them under the bottom of the trench and against the upper outcropping portion of a similar gravel succession (unit 7). The latter was covered by the orange paleosol (unit 5), which had been completely eroded in the footwall (Figures 6, 7). In both walls, brownish-red colluvium (unit 4) was stretched and dragged down to the bottom of the trench along the main shear plane. It might have been the fill of an open fracture near the fault or, likely, the ghost of a colluvial wedge, as seen in the northern wall, where its upper part had preserved the shape of a wedge. Its age (2,360–2,180 BP) could have predated an ancient surface faulting event.
In addition to this colluvium, an older, deformed colluvial wedge was clearly visible in the southern wall, providing a basal age of 5,720–5,590 BP and an upper age of 6,395–6,215 BP. As is often the case, when a fault step is formed at the surface, the first deposit to fall over the scarp is the higher and younger one, followed by the older one below. It is therefore conceivable that the younger age was closer to the faulting event that generated this colluvial wedge, predating it.
In summary, the presence of trapped, faulted, and dragged colluvial wedges along the fault plane and their geometric relationships with the orange paleosol and overlying deposits allow us to hypothesize a sequence of surface faulting events. The last one occurred well after 170 BCE-10 CE when the top of the cemented gravels was excavated for the burial of the Roman man, but shortly before 1,665–1820 CE, a time immediately following anthropic leveling/plowing of the coseismic scarp (Unit 3). As already seen in Trench 11, this is obviously referable to the 14 January 1703 event. The penultimate event probably occurred just before the formation of the colluvial wedge dated 2,360–2,180 BP that was subsequently dragged along the fault by the successive, 1703 earthquake. Considering that this age belongs to the parent material of the colluvial wedge, it predates the earthquake, probably that of 99 BCE. A very suggestive hypothesis is that this earthquake has something to do with the death of the man with the smashed skull, who lived in the first-second century BCE. We do not know whether his burial near the fault had apotropaic significance, but his traumatic death and the well-known earthquake of 99 BCE could all be pieces of the same puzzle.
Finally, an older event could be evidenced by the faulted colluvial wedge present in the southern wall, which can be dated post 5,720–5,590 BP, the age of its parental material, and ante 4,975–4,850 BP, the age of the orange paleosol covering the wedge itself.
4.3 Trench 14 (Capo del Colle)
Following the 2016 earthquakes in central Italy (Mw 6.6), the demolition of heavily damaged buildings in the settlement of Capo del Colle (cdc in Figure 1) uncovered the Campi Fault slickenside just beneath the foundations of an 18th-century tenement house. Here, we opened a trench flush with the remaining wall of this house and above the slickenside (Figure 8). Considering the historical stratigraphy, this excavation offered a superior alternative to what an ordinary trench would have provided. The excavation was made along a rubble masonry wall that was preserved in elevation for a height of 1–2 m and a length of 6–7 m and provided detailed information on the last surface rupture of the fault.
[image: Figure 8]FIGURE 8 | Line drawing of the Capo del Colle trench, showing the deformation of a 16th-century house foundation because of the Campi fault slip in 1703 (see the sketch in Figure 9). The house remains were successively cut and leveled in order to build a new house in the 18th century that was demolished after the 2016 earthquake.
It is worth noting that in addition to the study of this site, the Late Holocene fault activity was confirmed also southeast of Capo del Colle, near the village of Pielarocca, where slope deposits dated 3,835–3,685 BP were dragged and faulted along the same slickenside seen in Capo del Colle (Figure 9).
[image: Figure 9]FIGURE 9 | Outcrop along the Campi fault segment where cemented slope debris is faulted and dragged along the carbonate slickenside. A sandy organic colluvium, embedded in this debris and involved in the faulting, provided a Late Holocene 14C age.
4.3.1 Stratigraphy
Demolition work carried out by firefighters exhumed the foundation of the wall of a house made of roughly squared limestone blocks, which shows evidence of ductile and brittle deformation as well as caesuras, restorations, and reconstructions (Figures 8, 10). In the hanging wall, we excavated flush with the wall foundation, finding irregular limestone blocks (unit 2) embedded in the foundation ditch (unit 4). The ditch, in turn, was originally dug into weakly cemented slope debris (unit 5). In the footwall, the ditch and the foundation blocks appear to rest directly above the carbonate slickenside (unit 6). Below the stone foundation, a mortar horizon (3) overlies the top of the ditch, which in turn contains brick and tile fragments and charred materials. Within the ditch, detrital charcoal dated 1,488–1,650 CE predates the construction of the first house, as also suggested by some reused 16th-century architectural elements that survived later destructions (e.g., marble window frames; F. Iambrenghi, oral communication).
[image: Figure 10]FIGURE 10 | Sketch of the faulted 16th-century house. 1, remains of the post-1703 house masonry; 2, remains of the deformed 16th-century house (foundation and wall); 3, mortar level topping the foundation ditch (4); 5, slightly cemented slope debris; 6, Mesozoic carbonates.
4.3.2 Tectonics and paleoseismology
The wall remains and its foundation, leaning directly on the carbonate slickenside of the Campi fault, show evidence of the deformation undergone during one coseismic slip of the fault, resulting in the dragging of the ditch infill material over the slickenside and the tilting of the coursed stone masonry (Figures 8, 10). Following this destructive event, in order to build a new masonry wall in unconformity over the previous one (i.e., with horizontal regular courses; unit 1), the remains of the tilted/faulted wall were cut and leveled horizontally with smaller stones. As the first house was built in the 16th century, its destruction and subsequent reconstruction are again attributable to the earthquake of 14 January 1703, the only event the magnitude of which is consistent with surface rupture.
4.4 Trench 15 (Campi-Capo del Colle)
Trench 15 was designed in the sector between Capo del Colle and Campi (Figure 1) on the basis of geomorphological indications that were strengthened by geoelectrical investigations (ERT in Peronace et al., 2022). In this sector, the fault was buried by a thick nail of slope debris and alluvial fan deposits coming from three deep valleys carved across the rocky hillslopes. The selected site presented a subdued scarp crossing the apex of an alluvial fan, matching at a depth with lateral contact between terrains with different resistivities in the ERT sections. The trench was 45-m-long and 3-m-deep at an elevation between 830–820 m above sea level (Figure 11).
[image: Figure 11]FIGURE 11 | View overlooking NE of the eastern wall of trench 15. The homogeneous, alluvial-fan gravel deposition is interrupted only by a truncated paleosol. Its apparent warping could account for a coseismic deformation that occurred after the last centuries BCE.
4.4.1 Stratigraphy
Throughout its length, the trench exposed a homogeneous succession of fine, alluvial fan gravels, well-stratified (Figure 11), invert-graded, subangular, and reworked upward by agricultural processes. A few anthropic pits filled with angular stones interrupted the lateral continuity of the gravel strata. Approximately 1.5–1.8 m below the earth ground, we individuated a 0.3–0.5-m-thick paleosol, truncated, and buried at the top by fan gravel sheets (Figure 11). On the western side of the trench, the fan gravels eroded completely the paleosol, resting directly on the gravels below. The paleosol was sampled and dated to 2,725–2,465 BP (775–515 BCE), a time likely reflecting a wetter and more stable climate in the first half of the first millennium BCE.
4.4.2 Tectonics and paleoseismology
As suggested also by the ERT analyses at depth (in Peronace et al., 2022) and by the faint flexure at the surface, the paleosol, which parallels the ground surface in the first 30 m of the trench, shows a flexure and an appreciable thickening going downward. However, this is not associated with any certain element of either brittle or ductile deformation in the surrounding gravels, making it hard to interpret whether the flexure is due to tectonics or is the product of several phases of fan accretion before and after the soil development. If it were tectonic, then the event or the events occurred during and/or after the paleosol deposition, i.e., 2,725–2,465 BP, a time which matches both the 99 BCE and the 1703 earthquakes.
4.5 Trench 16 (Campi basso)
Trench 16 was designed across the trace of the Campi fault, a hundred meters east of the limestone hill where the medieval settlement of Campi stands (Figure 1). The trench was opened at the apex of the alluvial fan coming from a deep valley carved in the rocky hillslope at an elevation of 760–750 m above sea level. The 65-m-long excavation intersected two uncultivated fields separated by an anthropic scarp having the same strike as the fault trace (Figure 12) and also matching an 80-m-deep ERT indication, i.e., a lateral contact between deposits with different resistivities (in Peronace et al., 2022). Here it appears that humans have always used a pre-existing tectonic escarpment as a field boundary, making a much higher escarpment for cultivation needs. The depth of the trench north of the scarp was 2–3 m, while south, it required deepening down to 6 m from ground level and grading on the northern side (Figure 13). As in the previous case, the master fault does not outcrop on the hillslopes below Campi, and thus we based trench siting just on the match between the scarp and the ERT clues.
[image: Figure 12]FIGURE 12 | Drone view of trench 16, opened in the apex of an alluvial fan near Campi. The anthropic scarp in the foreground is where we have found faint indications of faulting of the fan gravels succession.
[image: Figure 13]FIGURE 13 | (A) view overlooking NE of the telescopic trench 16. (B) the detail of the deepest portion of the SE wall showing the offset of the fan-gravel layers that occurred after the 13th century CE.
4.5.1 Stratigraphy
Throughout its length and depth, the trench exposed a homogeneous succession of faintly stratified, medium-to-fine alluvial fan gravels, with angular clasts, alternating with discontinuous, massive coarse horizons in a brown sandy-silty matrix. Here too, as everywhere, there are anthropic spalling pits at various depths, filled with loose coarse gravels, representing a source of wall instability, such as requiring wall grading (Figures 12, 13). The monotonous succession of inverse-graded layers continues at a depth even in the section where deepening of the trench bottom was conducted down to approximately 6 m from the ground level. At the trench bottom, a level with organic materials predates the entire exposed succession to 1,155–1,265 CE, testifying to the high rate of sedimentation occurring near the apex of the fan (6 m in less than 800 years; i.e., 8 mm/y), which is almost an order of magnitude higher than the slip rates of the Apennine faults.
4.5.2 Tectonics and paleoseismology
Next to the anthropic scarp, and at the ERT anomaly seen in-depth, on the eastern wall of the trench, we observed a subvertical alignment of en-echelon clasts filling an open crack in the gravel layers Here, we decided to widen the trench and deepen the excavation to the maximum length of the excavator boom, also creating a safety step on the north wall (Figure 13). In the newly deepened wall, at a depth of approximately 3 m, the subvertical crack evolves into a 70° dipping shear plane, with an increasing displacement of the gravel layers downward (15 cm at the bottom of the trench). The dating of the organic matrix of the deepest level of the alluvial fan (1,155–1,265 CE) provides the terminus post quem of the overlying deformation. As in previous cases, it is likely that this displacement is related to the surface rupture of the 14 January 1703 earthquake, which occurred likely on a secondary splay.
5 RESULTING PALEOEARTHQUAKE RECURRENCE AND RELATIONSHIP WITH THE MT VETTORE FAULT
Considering the results obtained in the previous urban-splay trenches (Galli et al., 2005; Galli et al., 2018), those from the limekiln on the Norcia master fault (Galli et al., 2022), those from the excavations on the Mt Alvagnano and Cascia faults (Galli et al., 2020), and those presented in this paper, we feel like proposing a succession of five consecutive paleoearthquakes sourced by the whole NFS since the Middle Holocene. Our hypothesis is founded on more than 50 14C datings of samples collected along the entire NFS, each constituting as much as ante-ad-post quem terms for every surface faulting event.
Given the length of the NFS and the empirical laws relating surface length to magnitude (e.g., Wells and Coppersmith, 1994; Galli et al., 2008; Wesnousky, 2008; Leonard, 2010), and especially the macroseismic magnitude assigned to the 1,703 event (Graziani et al., 2022), we assume that all five events (or seismic sequences, which are impossible to detect with paleoseismological techniques) were characterized by approximately the same magnitude (Mw ∼ 6.9). We also assume that the other historical Mw ∼ 6 events we have attributed to segments of the NFS were not associated with a fault slip large enough to reach the surface and/or be visible in the trenches. Due to sedimentary hiatuses and/or erosive episodes, the five events are not visible in all the trenches, except the ultimate and the penultimate which have been recognized in all the studied sites (eq1 and eq2 in Figure 14). It is also possible that in some earthquakes, the individual secondary splays did not rupture at the surface or did so with such a small offset that it was not recorded in the stratigraphic succession. The ultimate (Eq1), whose surface faulting was also described by coeval witnesses, is certainly the 14 January 1703 earthquake, which was visible and well datable in all trenches and exposures of all the segments both along the master faults and on the secondary splays. The penultimate event (Eq2) is visible in almost all the urban splays and the Campi segment, with an age bracketed around the 99 BCE earthquake.
[image: Figure 14]FIGURE 14 | Chronogram of the surface rupture events identified from within trenches. Colored horizontal bars represent key dated samples that bracket the different earthquakes (2σ calibrated interval for 14C ages). Tones suggest ad quem (red), post quem (cyan), and ante quem (yellow) terms. Archaic age pottery (black), renaissance pottery (green), and modern pottery (orange) are also shown, together with their time-span bar. Horizontal arrows point to the assumed paleoevent age (dashed if related to uncertain indication). Vertical pink bars suggest the most probable earthquake interval (Eq1-5), as deduced from the samples’ age and considering the nature of the surrounding deposits (see text for further details). The little vertical bars (bottom right) indicate the four historical earthquakes that were likely sourced by the Norcia fault (Figure 4), being too small to leave indications within the deposits explored in the trenches. Dashed rectangles suggest stratigraphical hiatuses.
The three previous events have been recognized only in some trenches and in some segments. However, the age of the oldest (Eq5) is well constrained by two ad quem terms (7.6–7.4 ka), whereas the successive, poorly constrained one (Eq4) is recognized only by a pair of post and ante quem terms (around 5.2 ka). The intermediate event between the historical and the prehistorical ones (Eq3) has only ante quem terms that suggest an approximate age of 3.8 ka. With respect to the results in Galli et al. (2018), here, we strengthened the dating of all the events and discovered a new one that bridges the previously existing gap between the paleoearthquakes that occurred around 3.8 and 7.6 ka (Eq4 in Figure 14).
The recurrence time for these paleoearthquakes during the Middle Holocene was 1,825 ± 420 years, with an elapsed time since the last event of 320 years. However, in terms of seismic hazard, if we consider only the period that began in 1328 CE and all the aforementioned Mw ∼ 6 earthquakes, all of which were strong enough to cause damage and casualties, the recurrence time for this class of magnitude is 130 ± 90. Both should be taken into account in risk mitigation procedures.
Finally, we emphasize an interesting relationship existing between the two parallel NFS and MVFS (Figure 1), which was already noted by Galli et al. (2019). Thanks to several paleoseismological trenches, we know that even the MVFS generated several 2016-like events since the Middle Holocene, with recurrence times similar to those of the NFS (i.e., 1,800 ± 300 years; Galli et al., 2019). Since we now have a more reliable and complete knowledge of NFS palaeoearthquakes over the last 8 ka, we can better compare the occurrence of palaeoearthquakes between the two fault systems. In agreement with Galderisi and Galli (2020), it appears that the NFS earthquakes preceded the Monte Vettore earthquakes by a few centuries, albeit within the error bar of the palaeoseismological method (yellow area in Figure 15; i.e., 14C range of key-samples constraining every surface rupture).
[image: Figure 15]FIGURE 15 | Comparison between the sequence of the five paleoearthquakes sourced by the Norcia and Mt Vettore fault systems. There seems to be a kind of synchronism between the two faults, albeit with a short secular lag between each earthquake originating in the two systems, with the Norcia faults anticipating and perhaps triggering the Monte Vettore ruptures (updated and modified from Galderisi and Galli, 2020). The yellow area represents the 14C range of key samples constraining every surface rupture.
In historical times, the NFS ruptured in 99 BCE, followed by the MVFS in 443 CE, whereas the NFS ruptured again in 1703, followed by MVFS in 2016. At the beginning of the Late Holocene, the NFS ruptured at approximately 3.8 ky BP, at approximately the same time as the MVFS (4.1–3.9 ky BP). During the Middle Holocene, the NFS ruptured at approximately 5.2 ky BP, while the MVFS ruptured around 5.3–5.0 ky BP. Earlier, the NFS ruptured at approximately 7.6–7.4 ky BP, as well as the MVFS (7.6–7.4 ky BP). Bearing in mind that the dating of paleoseismic events often have large associated errors or large time intervals within which earthquakes are bracketed (Galli et al., 2008; McCalpin, 2009), it does indeed appear that the two fault system ruptured closely to each other during the Holocene. According to Galderisi and Galli (2020), this could be due to Coulomb stress transfer (CST) deep into the seismogenic volume of the Mt Vettore hanging wall following each NFS rupture, which instead does not happen when it is the MVFS that ruptures.
Recent faults interaction following CST on other active normal faults of central Apennines is proposed by Mildon et al. (2017), who focused on the 1997–2009–2016 seismic sequences of central Apennines, whereas Wedmore et al. (2017) analyzed how coseismic CST may have altered earthquake return times in central Apennines in the past seven centuries. From this point of view, we hope that our data might be useful in future studies concerning fault interaction, strain storage, and dynamic topography like those already published for the central Italian Apennines on selected faults (Mildon et al., 2022).
6 CONCLUSION
We dug five new paleoseismological trenches across the Norcia fault system, which consists of three main normal segments running for more than 30 km along the central Italian Apennine divide. Results complement and strengthen those already collected in 10 previous trenches opened over the past 20 years across the two urban splays crossing the Norcia town outskirts and from outcrops excavated along the Norcia and Cascia-Mt Alvagnano master faults. In addition to two new trenches through the Norcia urban splays, here, we present data from three trenches along the previously uninvestigated Campi segment.
We have identified five paleoearthquakes that occurred in the last 8 ka, which we hypothesize to be very similar to the 14 January 1703 earthquake (Mw 6.9). In addition to the 1703 event, we found evidence for a Roman earthquake, probably from 99 BCE, attested in Norcia from historical records, and three previous earthquakes that occurred around 3.8, 5.2, and 7.5 ky BP. Our interpretation is based on more than 50 AMS dating of key samples (coals, paleosols, organic sediments, bones, and teeth), combined with archaeological determinations of pottery shards. The resulting recurrence time for 1703-like events is fairly regular (1,825 ± 420 years), with an elapsed time since the last event being 320 years.
However, in terms of seismic hazard, considering that the Mw ∼ 6 earthquakes generated in historical times by segments of the NFS have always caused casualties and damage, one should also consider the return time for this class of events, which is much shorter, 130 ± 90 years.
By comparing the paleoseismic histories of the Norcia and Mt Vettore faults system, we realized that there would seem to be some synchronism between the two faults in the past 8 ka, albeit with a possible, short secular lag between each earthquake originating in the two structures, with the Norcia faults anticipating and perhaps triggering the Monte Vettore ruptures. This kind of faults conversation, tentatively attributable to Coulomb stress transfer from the Norcia to the Mt Vettore fault, would deserve further investigation.
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I TROI-CO1 BETA- AMS Charred material | =251 | 400 £ 30 1435-1,625 CE This study
630856
TRO1-CWO1 BETA- AMS Organic sediment  -233 | 6,660 + 30 7,585-7,435 BP | This study
630855
TRO1-PSO1 BETA- AMS Organic sediment | -23.7 | 11,100 + 40 13,100-12910 BP | This study
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Patino Fan TOPATINOOI | BETA- AMS Organic sediment | 242 | 10,360 % 30 12390-12,055 BP | G&22
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Patino Fan AGRVIGN BETA- Organic sediment | 24 12,140 £ 30 14,107-13,870 BP | G822
596989
Patino Fan FP148B LTL-I9618A | AMS Organic sediment  nd. | 36470 + 571 BC 42,155-40,535 BP | ISPRA21
I3 DENTE- BETA- AMS Tooth collagen ~199 | 2070 £ 30 170 BC-10 CE | This study
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TRO3-SUOLO02 | BETA- AMS Charred material | 248 | 160 £ 30 1,665-1,820 CE This study
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TRO3-PALOL BETA- AMS Organic sediment  —23.4 | 4350 + 30 4975-4850 BP | This study
630859
TRO3-CWPIZ BETA- AMS Organic sediment  —23.8 | 2,310 + 30 2360-2,180 BP | This study
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NORI3-CW3 BETA- AMS Organic sediment  -23.4 | 5510 + 30 6395-6215BP | This study
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NORI3-CW2 BETA- AMS Organic sediment  -23.4 | 4920 + 30 5720-5590 BP | This study
630848
NORI3-06 BETA- AMS Organic sediment  —242 | 2,920 + 30 3,165-2,965 BP | This study
630847
(Té) MONT3 Beta209273  AMS Organic sediment | 247 | 3,460 430 3840-3530 B G&018
Patino Fan EC204 LTL20116A  AMS Organic sediment  nd. | 43051 + 1,545 BC 46,545-43,455 BP | ISPRA21
T4 CDC-01 BETA- AMS Charred material =25 | 310 %30 1488-1,650 CE | This study
630862
Pielarocca PLR-01 BETA- AMS Organic sediment 243 | 3480 + 30 3835-3685 BP  This study
630863
IS TROS-PSO1 BETA- AMS Organic sediment  —249 | 2490 30 2725-2465 BP | This study
630857
Ti6 TROG-FA02 BETA- AMS Charred material | —23.2 | 850 £ 30 1,155-1265 CE | This study
630860






