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Abstract 

We integrate paleoseismic datasets along the Mt. Vettore-Mt. Bove normal fault-system 

(VBFS) rupturing at surface in the 30 October 2016 Norcia earthquake. Through the analysis 

of new trenches from this work and a review of the pre-existing data, we correlate events 

among trench sites along antithetic and synthetic fault splays. We recognize seven M6.5, 

2016 Norcia-type (or larger) surface-faulting events in the last ~22 kyr, including 2016. 

Before 2016, one event occurred in the past two millennia (260-575 CE), and possibly 

corresponds to the event damaging Rome in 443 CE or 484/508 CE. Three previous events 

occurred between 10590 BCE and 415 BCE, whereas the two oldest ones date between 

19820 BCE and 16540 BCE. The average recurrence time is 3360–3640 yrs for the last ~22 

kyr, and 1220-1970 yrs for the last ~4 kyr. We infer a minimum dip-slip rate of 0.26-0.38 

mm/yr on the master fault in the central portion of the VBFS, and a dip-slip rate of at least 

0.10 mm/yr on the southernmost portion. We infer a Middle-Late Pleistocene inception of the 

long-term scarp of the investigated splays. The along-strike variation of slip rates well 

reproduces the trend of the 2016 surface slip, thus the time window exposed in the trenches is 

representative for the present fault activity. Based on trenching data, different earthquake 

rupture scenarios should be also considered for local hazard assessment. 

 

 

1. INTRODUCTION 

The 2016 earthquake sequence in the central Apennines (main events on 24 August Mw 6.1, 

26 October Mw 5.9, 30 October Mw 6.5; Figure 1) took the lives of 299 people, injured 365 

others, and caused severe damage to structures and infrastructures and to a particularly rich 

cultural heritage, resulting in 50,000 displaced persons and more than 10B€ losses 

(http://www.protezionecivile.gov.it/risk-activities/seismic-risk/emergencies/central-italy-2016 

). This sequence followed by 7 years the L’Aquila earthquake, located about 40 km to the 

south, and by 19 years the Umbria-Marche sequence located about 35 km to the north-west, 

so that it appears to fill a gap of seismicity (Figure S1). The largest mainshock of the 2016 

sequence was the Mw 6.5 Norcia earthquake of 30 October, the largest event in Italy since 

the 1980, Mw 6.9 Irpinia earthquake. A wealth of coseismic geological data for the three 

events of the sequence was collected and analyzed (e.g. Civico et al., 2018 and references 

therein; EMERGEO Working Group, 2016, 2017a,b) along with seismological, geodetic, and 

geophysical observations (e.g. Cheloni et al., 2017; Chiaraluce et al., 2017; Scognamiglio et 

al., 2018). In general, those multidisciplinary works point out a substantial consistency in the 

description and understanding of the 2016 seismic sources. Given the amount and high 

quality of data available, especially for the Norcia earthquake, we believe this represents a 

unique chance to undertake new paleoseismological investigations on the earthquake fault, 

known as the Mt. Vettore-Mt. Bove Fault System, and hereinafter referred as VBFS 

(Pierantoni et al., 2013 and references therein). The goal is to understand the long-term 

seismic behavior of the earthquake fault, date the previous surface faulting events, and frame 

these results within the earthquake history of this sector of central Italy. In the area, historical, 

archaeoseismological and paleoseismological data clearly testify the occurrence of moderate 

to large earthquakes in the past. The 1703 earthquake sequence (3 events within 2 weeks with 

http://www.protezionecivile.gov.it/risk-activities/seismic-risk/emergencies/central-italy-2016
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local intensity up to 10 MCS, Guidoboni et al., 2018), the 1997 Colfiorito earthquake 

sequence (3 events within 2 months with Mw up to 6.1, Chiaraluce et al., 2003), and the 2009 

Mw 6.1 L’Aquila earthquake (Chiaraluce et al., 2011) severely hit the broad region (Figure 

S1). None of the 2016 mainshocks occurred on seismogenic faults responsible for these 

historical and modern events.  

Several paleoseismological and archaeoseismological investigations have been performed to 

extend back in time the record of seismicity in the area, to date paleoearthquakes and to 

establish slip rates and average recurrence times; these latter amount to ≤ 1 mm/yr and 

several centuries to millennia for M>6 earthquakes, respectively (e.g., Blumetti et al., 2017; 

Cinti et al., 2011; Gori et al., 2011; Michetti et al., 1996; Moro et al., 2016; Pantosti et al., 

1996; Salvi et al., 2003).  

The Norcia earthquake represents the only case in Italy that ruptured a fault splay that was 

previously studied by trenching (Galadini and Galli, 2003). This study concluded that the 

VBFS was a silent fault in recent history, with the potential for M6.5 earthquakes, the most 

recent of which dated after 4155-3965 years BP and before the VI-VII century CE. 

Retrospectively, this was concordant with the activation of the VBFS on 30 October 2016. 

The surface rupturing 2016 Norcia earthquake represents the chance to extend the earthquake 

history of the VBFS, refine the slip rate and other parameters that are important to assess the 

seismic hazard in this part of the Apennines. We took this opportunity and investigated new 

trenches along two distinct segments of the VBFS. The results and analysis are presented in 

this work. Here, we also compare and integrate the previous trenching data from Galadini and 

Galli (2003) and the contemporary data from Galli et al. (2019) along the same fault system, 

thus performing a complete analysis of the overall paleoseismic dataset published so far on 

the fault that caused the 2016 earthquake. Indeed, it is worth noting that the 2016 earthquake 

represents a rare surface faulting event in Italy and an unprecedented case of coseismic 

rupture trace mapped in detail and trenched with a total of 9 excavations. Six out of nine 

trenches were dug after the Mw 6.5 event (maximum trench-distance of 10 km) across three 

distinct splays of the system (Figure 1; fault splays coded as PRA1, PRA2, VET1, VET6 

splays in Villani et al., 2018b), where high values of coseismic slip at depth occurred 

(Scognamiglio et al., 2018).  

Knowing the ancestors of the 2016 events from paleoseismology, can help not only in 

extending back in time the catalogue of historical seismicity, but it also helps in linking 

known historical earthquakes to the causative faults, which in turn helps understanding the 

seismogenic setting, for example fault interactions or event clustering in time and space, 

which appear to be common in this area (Figure S1). Thus, this work represents also a 

geological contribution to time-dependent hazard models of large earthquakes in probabilistic 

seismic hazard analyses. 

In the following, we shortly introduce the 2016 earthquake sequence and the Mw 6.5, 30 

October 2016 coseismic effects at the surface. Then, we address four primary topics: (1) the 

presentation of our paleoseismic record on the VBFS, discussing selection of the trench sites, 

trench observations and earthquake timing, (2) the integration of our results with the multiple 

fault-trench investigations from other authors to reduce uncertainties in earthquake 

chronologies, (3) the estimation of slip rate and average earthquake recurrence, fundamental 

components of our understanding of the VBFS activity, (4) the implications of our synthesis 
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of VBFS paleoseismic data for the broad understanding of the seismogenic source within the 

Apennines tectonic frame, including earthquake rupture models.  

 

 

2. THE 2016 SURFACE FAULTING AND IMPLICATIONS FOR 

PALEOSEISMOLOGY 

 

The 2016 earthquake sequence in the central Apennines (Figure 1) started on 24 August with 

a Mw 6.1 mainshock (referred to as the Amatrice earthquake), that was followed by a Mw 5.9 

mainshock on 26 October (referred to as the Visso earthquake), and a Mw 6.5 mainshock on 

30 October 2016 (referred to as the Norcia earthquake). The epicenters of the two latter 

events were located 25 km and 19 km to the northwest of the Amatrice one, respectively 

(Figure 1). Overall, these three events activated a rupture area about 80 km-long and 20 km-

wide, well pictured by the aftershock distribution (Figure S1; Chiaraluce et al., 2017 and 

references therein). The three mainshocks show the typical characteristics of this portion of 

the central Apennines: shallow seismogenic thickness (5-15 km) and normal faulting 

occurring on NW to NNW-striking, prevalently SW-dipping fault systems. These earthquakes 

respond to the NE-directed extensional regime acting since the Late Pliocene-Pleistocene, 

and which is coupled with regional uplift of the central Apennines (e.g. D’Anastasio et al., 

2006; Montone et al., 2012) (Figure 1). The 2016 sequence occurred on the NNW-striking, 

SW-dipping, Mt. Vettore-Mt. Bove normal fault system (VBFS) and produced surface 

faulting characterized by dominant SW-facing, ~N155°-striking scarps, with lengths and 

throws proportional to the individual event magnitudes (Villani et al., 2018a,b and references 

therein; Figure S2). The Amatrice earthquake produced a continuous ~5.2 km-long rupture 

with an average displacement of 0.13 m (Emergeo Working Group, 2016; Pucci et al., 2017). 

The Visso earthquake produced a surface rupture with a length estimated from a minimum of 

7 km (Villani et al., 2018b), up to ~12 km (Walters et al., 2018), and with an average 

displacement of 0.11 m. The rupture length of this event is debated as it was mapped with 

lower detail and completeness with respect to the other two quakes, due to the very limited 

time before the following largest Norcia event (Figure S2). The Norcia event overprinted and 

magnified surface ruptures from the two previous mainshocks, thus producing as a whole a 

nearly 28 km-long surface rupture with average dip-slip of 0.45 m that frequently exceeded 1 

m, and a maximum peak of 2.1 m in the 2 km long section running along the Mt. Vettore 

slope in the southern portion of the rupture (Brozzetti et al., 2019; EMERGEO Working 

Group, 2017a,b; Villani et al., 2018a,b; Figure 1). Measurements of the near-field co-seismic 

displacement associated with the 30th October 2016 earthquake using low-cost Global 

Navigation Satellite System (GNSS) receivers located in the footwall and hangingwall of the 

VBFS, close to the surface rupture (Wilkinson et al., 2017), highlighted the occurrence of 

surface faulting as a direct effect of the rupture propagation at depth discarding the 

hypothesis of shaking-related gravitational collapse, although this cannot be excluded as 

secondary effect enhancing at places the ruptures throws.  

During the Norcia event, multiple faults belonging to the VBFS system ruptured at the 

surface resulting in a large-scale complex deformation zone ranging between 70 and 3000 m 

in width. Remote sensing surveys and a massive field reconnaissance led to a detailed 
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mapping of the surface rupture (Civico et al., 2018, Villani et al., 2018a). Surface rupture 

occurs along closely-spaced, parallel or subparallel, stepping (with overlap and underlap 

geometries) synthetic and antithetic fault splays pertaining to the VBFS, and affects both 

bedrock and unconsolidated deposits. The broad deformation zone contains ground cracks 

and/or free faces, generally located at the base of pre-existing fault scarps. Where the bedrock 

fault plane is well preserved, the free face appears as a whitish, fresh ribbon at the base of the 

fault mirror, with fractures occurring in the scree/debris deposited on its hangingwall (Civico 

et al., 2018, EMERGEO Working Group, 2017a,b; Figures 2 and 3).  

The spatial and temporal development of the three main events of the sequence (Figures 1 

and S1) offers a unique occasion to ponder on the meaning of surface faulting we may 

observe in trenches and on the uncertainties related to paleoseismological interpretations. 

During this sequence of mainshocks we were given the exceptional opportunity to observe 

and evaluate the coseismic geological effects of shocks occurring in the same crustal region, 

with different magnitudes.   

The first observation of relevance for paleoseismology is that the 2016 sequence showed that 

ruptures can repeat along the same fault section (see also Schwartz, 2018) with only a few 

days/months delay. Trenching investigations cannot separate such discrete paleoearthquakes 

so close in time and easily subject to overprinting by subsequent events. In fact, their 

combined slip could be interpreted as due to one single larger slip event, whereas in reality it 

is the cumulative effect of multiple events very close in time. A second consideration is that 

ruptures along the same fault section do not only show an increase of length with magnitude, 

but also an increase of their geometrical complexity. The deformation is distributed over 

multiple splays, and hence smaller and more difficult to recognize. The 2016 Mw 6.5 

earthquake slip was partitioned along multiple ruptures, comprising a main and subsidiary 

antithetic and synthetic splays in a wide zone (Figure S2). These multiple ruptures allow for 

more potential trenching sites, however, paleoseismic investigation along one single rupture 

trace may be documenting only partial activity of the fault. This stresses further the 

importance of framing paleoseismological results within the broader setting of seismogenic 

structures (e.g. sections of high/low slip, multiple splays etc.).  

The knowledge acquired on the 2016 earthquake sequence are thus relevant for the 

paleoseismological analysis sensu lato and in particular can be used as a solid basis to test 

and improve our understanding of seismicity and of the seismic potential in the complex 

frame of the central Apennines using paleoseismology. 
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Fig. 1: Simplified structural map of the area struck by the 2016-2017 seismic sequence 

(compiled from 1:10,000-scale cartography of Regione Umbria and Marche, Centamore et 

al., 1992 and Pierantoni et al., 2013). The labels VBFS and LMFS indicate the Mt. Vettore-

Mt. Bove and Laga Mts. fault-systems, respectively. MST indicates the Sibillini Mts. thrust. 

The pink open squares indicate the main historical seismic events (Guidoboni et al., 2018). 

The time-domain moment tensor solutions of the Mw 6.5 mainshock on 30 October 2016 and 

of the two other mainshocks on 24 August, 26 October are from Scognamiglio et al. (2018), 

Tinti et al. (2016) and Chiaraluce et al. (2017), respectively. The trace of the coseismic 

surface ruptures produced by the three mainshocks (in red) is from Civico et al. (2018). The 

location of the three trenches performed in this work is marked with yellow circles. 

Trenching sites from other works are indicated with green squares (three trenches by Galli et 

al., 2019) and blue squares (three trenches at same site by Galadini and Galli, 2003). 
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3. TRENCHING ALONG THE Mw 6.5 RUPTURES 

The 2016 surface faulting offers a unique opportunity to characterize the seismic behavior of 

the Vettore-Bove fault system. In particular, the extensive ground ruptures formed during the 

Mw 6.5 Norcia event, highlighted more potential paleoseismological trenching sites and 

increased the opportunities to recognize and characterize surface faulting events that occurred 

along the VBFS before 2016. The possibility to select trench sites also along secondary or 

antithetic scarps that ruptured a wide zone only during the Mw 6.5 Norcia earthquake, was 

really critical because, although the ruptures on the main and known trace of the VBFS were 

clearly expressed at the surface over several kilometers, these run mainly along the western 

flank of VBFS at high elevations, with slip occurring in bedrock and scree deposits along 

steep slopes (often >30°). Thus, the main trace of the 2016 ruptures was difficult to access 

and also useless for analysis of the stratigraphic/structural deformation and for recognition 

and dating of paleo-faulting events, making the selection of suitable sites for trenching 

extremely limited. 

Apart from this, the fact that the Norcia earthquake overprinted within a few months the 

ruptures from the two previous and smaller mainshocks (see also §2.) along the main trace of 

the fault, also makes it more difficult to reconstruct the paleoseismological surface faulting 

record. Indeed, if this earthquake clustering (lasting days to several years) represents the 

typical behavior of the VBFS, then the correct identification of discrete single paleo-events 

may be biased by erosional/depositional processes and the subsequent overprinting of surface 

slip, leaving no stratigraphic evidence. This may lead to an overestimation of slip per event 

and recurrence times. For all of the above, we decided to investigate only the Mw 6.5 fault 

strands that ruptured exclusively on the October 30
th

 Norcia earthquake and therefore, to 

build a seismic history for Mw 6.5 Norcia type earthquakes.  

We selected two sites: the San Lorenzo and the Forca di Presta sites located along the 

antithetic strand in the central portion of the rupture and along the synthetic strand at the 

southern tip of the rupture, respectively. The exact trench location was decided on the basis 

of the local geomorphology, the presence of long-term fault expression and of soft and recent 

sediments, and also on the basis of the permissions obtained from the Sibillini Mountains 

National Park area, the local Authorities and the land owners. 

 

3.1 The San Lorenzo site  

The San Lorenzo site is located in the central sector of the 30 October 2016 earthquake 

rupture, where two antithetic, left-stepping rupture strands (Mt. Rotondo and San Lorenzo-

Ghezzi; splays PRA1 and PRA2 in Villani et al., 2018b; Figure 2a) extend for a total length 

of about 5 km from Colle Infante to the Ghezzi hut (Mt. Abuzzago) (N320°-N345° striking, 

NE-dipping). These are located at about 2.5 km of distance from the main synthetic trace 

running along the Mt. Porche and Mt. Argentella slopes, which presented coseismic 

maximum and average throws of ~1.00 m and 0.25 m, respectively, and opening up to 0.35 

m; Figures 1 and 2). The Mt. Rotondo antithetic rupture strand is 3.2 km-long; it steps to the 

left with a 600 m long overlap and 500 m-wide stepover to continue southward in the San 

Lorenzo-Ghezzi strand. The average coseismic throw due to the antithetic faults (splays 
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PRA1 and PRA2) is 0.41 m (Villani et al., 2018 b). These ruptures follow a long-term 

cumulative fault scarp in both bedrock (Jurassic and Cretaceous limestone) and 

alluvium/colluvium (Pleistocene-Holocene) (Figure 2a). The alluvium and colluvium 

deposits consist of fine to coarse calcareous gravels and sands and silty-clay layers from 

fluvial/alluvial deposition, and scree and talus deposits variably cemented. These soft 

sediments fill the graben formed between the synthetic and antithetic fault strands and form a 

small terraced plain. The NE-facing antithetic coseismic free faces intercepted and dammed a 

SW-flowing stream valley, thus forming a ponding area at the eastern rupture strand (PRA2, 

ponding in Figure 3). The western antithetic fault (PRA1) blocks the drainage at Portella del 

Vao, where the long-term incision across the footwall block created a narrow gorge flowing 

towards the Pian Perduto plain (Figure 3).  

Two trenches were excavated at San Lorenzo site, one along each of the two antithetic fault 

strands in the overlapping zone (Figure 2a): the Curly trench (TC) to the west (Lat 

42°51'10.08"N, Lon 13°12'43.87"E) and the Matthew trench (TM) to the east (Lat 

42°51'21.48"N, Lon 13°12'53.52"E). The initial location selected for the Curly trench was in 

the middle of the stream bed at Portella del Vao, but we were forced to move it a few meters 

to the south to avoid the messed-up area resulting from opening and closing of an excavation 

a few days before our planned work (trench T2 in Galli et al., 2019; see also Figure 1). The 

Matthew trench site was selected in the ponding area across the San Lorenzo stream bed, 

however, although potentially fruitful from a stratigraphic point of view, the site had a 

difficult logistic due to the shallow water table and the preservation of the natural stream bed 

and thus, the Matthew trench was dug across a displaced remnant of a fluvial terrace on the 

left-bank (Figure 3).  

 

 
Fig. 2: Simplified geological map (modified from 1:10,000-scale cartography of Regione 

Umbria and Marche and Pierantoni et al., 2013) of the a) San Lorenzo site and surrounding 

area, showing the Mt. Rotondo and San Lorenzo-Ghezzi antithetic coseismic surface ruptures 

(in red). Yellow rectangles are the location of the Curly (TC) and Matthew (TM) trenches, 
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and b) Forca di Presta site and surrounding area, showing the southern Vettore-Forciglieta 

coseismic surface ruptures (in red). Yellow rectangle is the location of the Hope trench (TH). 

Labels of the fault splays are also reported as in Villani et al. (2018b). 

 

 

 
Fig. 3: a) Aerial view of the San Lorenzo site where the Curly and Matthew trenches are 

located (white rectangles indicate the excavations). Red arrows point to the antithetic 

earthquake rupture traces of the 30 October 2016 damming the streams (blue line). Location 

and view direction of photos in insets b) and c) are also indicated; b) view of the 2016 rupture 

and local values of the coseismic throw and opening near the Curly trench and c) near the 

Matthew trench.  

 

 

3.1.1 The Curly trench 

The trench intersects a ~2.5 m-wide, small right-stepping zone of the 30 October 2016 

antithetic rupture that runs in the hanging-wall of the limestone fault plane (Figures 2a and 3), 

which is the evidence for the long term activity of this fault splay. Unfortunately, the backhoe 

could not reach the limestone plane (located about 13 m upslope); there, the 2016 coseismic 

movement was highlighted by nearly 1 cm-wide white ribbon and diffuse rock falls. The 

2016 ruptures in the soft sediments crossed by the trench, exhibit small vertical offsets of 

0.04 to 0.10 m, on the south and north walls, respectively, and a 0.2 m-wide opening. These 

ruptures occurred on a preexisting gentle scarp located at the transition between the slope and 

the plain deposits, that is likely the cumulative expression of previous recent rupturing events 

(Figures 3a,b and 4). The base of the scarp is modified by an artificial drainage channel built 

to conduct the slope wash toward the Portella del Vao gorge (Figure 4) and to avoid major 

flooding of the plain that threatens the plantations. Because of the strong modification, the 

cumulative scarp height is uncertain, ranging between 0.3 and 0.5 m.  

The stratigraphy exposed in the trench is composed of stratified fine to coarse slope-wash 

gravels (units E and B) interfingering with clayey silt of the alluvial plain (unit C and unit A). 
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The radiocarbon dating of sample C150 (1920-1750 BCE; Table 1, calibrated ages are 

rounded to the nearest decade) from the base of unit A (bottom trench around meter 4 in the 

south wall, Figure 4) suggests that the whole stratigraphy exposed is younger than about 4 

kyr. Below the cumulative scarp there is a 1 m-wide fault zone, composed of sub-vertical 

planes, F1 to F3 (N145°-155° striking, NE dipping), that displace the whole sequence (meters 

4-2 in north wall and 6-4 in south wall; Figure 4 and Figure S3). The fault zone separates the 

ponding fine rich sediments on the east from the coarser slope deposits. The 30 October 2016 

ruptured the ground along fault plane F1 and produced some minor offset and cracking along 

F2 (Figure 4) (most recent event, CE1 in both walls). Fault F1 displaces the whole 

stratigraphy below by the same amount, i.e., it moved only once (in 2016) in the past about 4 

kyr. The trench is located in a zone of slip transfer between adjacent rupture traces, therefore, 

we cannot exclude a geometric complexity at depth, with paired slip surfaces and rapid 

displacement variations along overlapping fault tips (e.g. Fossen and Rotevatn, 2016). This 

may hamper straightforward recognition of the event horizons, particularly in the case of such 

minor amount of displacements in gravelly soils along single splays. This difficulty is even 

increased because unit D and the units below appear warped within the fault zone (F1 to F3). 

However, multiple evidence converges to set the occurrence of two events prior to 2016, 

namely events CE2 and CE3. Evidence for both of them is provided by two discrete 

downward increases of vertical displacement with depth across the whole fault zone at, or 

near, the contact of units E/D and at, or near the top, of unit A, respectively (0.04-0.10 m to 

0.22-0.25 m and 0.22-0.25 m to 0.30-0.36 m; Figure S4 and Table 2a). The individual throw 

for CE2 would be in the range 0.12-0.21 m whereas for CE3 it is 0.05-0.14 m. Further 

evidence for CE2 is given by (1) the upward fault termination of F3 on both walls and (2) the 

presence of unit E on both walls that is composed of medium and large limestone blocks, 

particularly concentrated on the steepest part of the slope (meters 8 to 11, Figure 4; see also 

Figure S3). On the basis of what was observed in 2016, these blocks are interpreted as a 

coseismic rock fall related to the shaking of the penultimate event. A similar interpretation 

can be attributed to the slope-derived coarse gravel unit B in the fault zone, evidencing the 

occurrence of CE3. A further indication for CE2 is the trace of F2 crossing the lower portion 

of unit D on the north wall, although we could not clearly trace its upward termination 

(Figure S3).  

Constraints on the age of the penultimate event (CE2) are provided by radiocarbon dates from 

charcoal sample C7 (590-670 CE) and bulk sediment sample C23 (260-430 CE) from unit D, 

and from bulk sediment sample C24 (1220-1290 CE) of unit F immediately on top of unit E 

(Table 1 and Figures 4 and S5). Samples C7 and C23 were collected in the two different 

walls and given the differences between the two walls, we had difficulties to define their 

relative stratigraphic position. Assuming they are both in unit D, to overcome this problem 

and be conservative, we take as representative of unit D, the whole age interval given by the 

two sample ages, i.e. 260-670 CE. Therefore, the age range of CE2 from this trench is quite 

wide between 260 and 1290 CE. The age of the third event, CE3, would be older than the age 

of C7/C23 (260-670 CE) and younger than C150 (1920-1750 BCE), thus in the range 1920 

BCE-670 CE. 
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Fig. 4: a) Simplified log of the south wall of the Curly trench from a 1:20 scale survey. Grid 

spacing is 1 m. Black squares indicate dated radiocarbon samples, white colored when 

projected from the north wall (Table 1). Red stars indicate location of event horizons (ground 

surfaces at the time of surface faulting earthquakes). Faults are indicated with progressive 

numbers, F1 to F3. Events are referred to as CE1 to CE3, starting from the 30 October 2016; 

b) View of the North wall. Different letters refer to stratigraphic units. Legend: unit F, very 

loose thin gravelly layer, clast-supported (size max 5 cm) and pedogenized on top; unit E, 

rocky gravel including clasts with max size of 15 cm, matrix-supported between meters 4 to 

6, and large boulders up to 50 cm between meters 7-11 (rock fall); unit D, brown matrix-

supported clayey silt, richer in clasts towards the slope, interfingering with slope deposit of 

unit E; unit C1, gravel horizon within the massive clayey silt of unit C, becoming much 

thinner in the hanging wall fault zone (m 4-3 North wall); unit C, dark brown massive clayey 

silt with sparse fine to coarse pebbles (ponding phase), abundant towards the slope, darker 

below unit C1, with the base marked by very coarse flat pebbles and cobbles (size max 15 

cm); unit B, stratified coarse gravel with skewed pebbles poor in matrix content, richer in 

matrix and of larger sized clasts in the middle portion, smaller clasts and yellowish matrix 
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increase in the footwall; unit A, massive dark brown clayey silt (ponding phase) with 

intercalation of coarse gravelly horizons, increasing thickness and pebble size towards the 

slope.  

 

 

3.1.2 The Matthew trench 

The trench was dug on a fluvial terrace crossed by the 2016 antithetic E-facing, right-

stepping, coseismic rupture trace running almost parallel to the slope direction at the base of a 

smoothed scarp that represents the long-term expression of the fault activity (Figure 3a, c). 

The total vertical throw across the 2016 main and secondary scarps on the south wall is 0.42-

0.49 m with an opening at the main rupture of 0.40 m (Faults F1 and F2, Figure 5a). On the 

north wall, the 2016 rupture is expressed as a 0.10 m wide open fissure with no appreciable 

net vertical offset; this evident decrease in the amount of surface slip is due to the trench 

location in a relay zone of the rupture (Figure 3c). 

In the following, we will discuss stratigraphic and structural relations of the south wall 

because there the evidence of multiple past surface ruptures was clearer. The stratigraphic 

sequence is mainly composed of gravels with different amount and type of matrix, both of 

slope and alluvial origin. The radiocarbon dating on sample Matt#5 (1930-1750 BCE) from 

the base of unit A (Figure 5) indicates that the whole stratigraphy is younger than about 4 kyr, 

similar to the Curly trench (see §3.1.1).  

Across the 2016 main rupture, all the units are sheared and displaced within a 0.9 m-wide 

fault zone (F1; Figure 5). This is composed of near-vertical fault splays joining in a single 

plane at about 1.5 m depth (N320°-330° striking, 70°-75° NE dipping). Across F1, the 2016 

throw is of 0.32-0.40 m and a discrete increase of the amount of throw with depth is observed 

at the erosional contact between unit D and unit C (Figures S4 and S6). In fact, removing the 

2016 throw, this contact still defines a 0.16-0.28 m high paleoscarp draped by unit D across 

F1. This suggests that a penultimate surface faulting event (ME2) occurred at or near this 

contact in the stratigraphy (Figure 5a). The deposit marked as unit Cw is a distinct wedge-

shaped deposit burying a free face of pebbly loose colluvium with internal bedding likely 

derived from the dismantling of unit C. It is confined in the hangingwall of fault F1 and 

successively faulted. This unit is interpreted as the scarp-derived colluvial wedge following 

the penultimate event of surface faulting at fault plane F1 (Figures S6). Evidence for the ME2 

event is found also at Fault F2 (meter 4.5) that clearly ruptures units C’ and C forming a 

small graben structure filled with large clasts. It is worth noting that we never base the 

recognition of event horizons only on stratigraphic evidence (e.g. colluvial wedges) but on 

multiple signatures. The total vertical displacement across F2 of units C-C’ amounts to 0.23-

0.28 m. Subtracting from this cumulative value that produced by the 2016 rupture at the 

surface (0.09-0.10 m), yields a ME2 coseismic vertical displacement of 0.13-0.19 m at F2 

(Figure S4). Additional evidence for the occurrence of ME2 before the deposition of unit D is 

found at meter 1.3, where fault F3 crosses and displaces unit B by 0.08-0.11 m and does not 

propagate upward within the sequence (Figure 5). Summing the throws related to ME2 

individually measured at F1 (0.16-0.28 m), F2 (0.13-0.19 m) and F3 (0.08-0.11 m), an 

aggregate throw up to 0.46-0.49 m is obtained for this event (Table 2a). Evidence for a third 

event, ME3, is found within unit B at meter 4.1; here fault F4 acts as antithetical to F2 and 
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puts in contact unit A with unit B, with an indeterminable amount of displacement. This fault 

splay was possibly reactivated during the event ME2 (Figures 5 and S6).  

ME2 event horizon is located between samples MATT#1 and MATT#12, thus it occurred in 

an age range 50 BCE-590 CE (Figure S5). However, the relative position of ME2 (base of 

unit D) with respect to dated sample MATT#12 (Table 1 and Figure 5a) would set the timing 

of ME2 closer to the 430-590 CE. Constraints on the age of ME3 are provided by 

radiocarbon ages on bulk sediment sample MATT#1 (340-50 BCE) from unit B and 

MATT#5 (1930-1750 BCE) from unit A (Table 1 and Figure S5). Although with large 

uncertainties, ME3 occurred between 1930-50 BCE. 

 

 

 
Fig. 5: View and interpretation of the south wall of Matthew trench. a) Orthophotomosaic 

with simplified line-drawing of the stratigraphic and structural setting from 1:20 scale survey. 

Grid spacing is 1 m. Black squares indicate dated radiocarbon samples, white squares when 

sample position is projected from the north wall (all bulk type; Table 1). Mosaic is generated 

by structure-from-motion (SfM) photogrammetry from ground-based imagery; b) Terrestrial 

laser scanning (TLS) point cloud of the south wall (data at 

https://doi.org/10.5069/G9G15Z03). The variety of colors indicates different reflectance of 

the materials hit by the laser. Note how this parameter highlights the different deposits and 
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the structures, in agreement with the field survey (simplified log superimposed). Red stars 

indicate location of event horizons (ground surfaces at the time of surface faulting 

earthquakes). Stratigraphic units are differentiated with colors and capital letters. Legend: 

unit A, Reddish to brownish massive, oxidized and matrix supported gravel; unit B, Gravel 

with whitish carbonate matrix and coated pebbles; unit C, Heterogeneous rounded fine 

pebbles with a scarce content of hazel to brownish silty matrix weathered at the base, and unit 

C’, pedogenized in the upper portion (fluvial terrace); unit Cw, Colluvial deposit made of 

medium to fine loose pebbles, scarce oxidized matrix, with internal bedding likely derived 

from the dismantling of unit C; unit D, Gravel with angular pebbles in poor matrix; unit E, 

Pebbly organic coating soil.  

 

 

3.2 The Forca di Presta site 

The Forca di Presta site is located at the southernmost sector of the 30 October 2016 

earthquake rupture, where a synthetic rupture strand (coded as VET6 in Villani et al., 2018b; 

Figures 2b and 6) extends for a total of about 1.9 km with a ~N-S strike and down-throws to 

the west (for details see the coseismic rupture map in Civico et al, 2018). The 2016 coseismic 

ruptures along this strand are characterized by an average throw of 0.07 m and a maximum 

throw of 0.31 m (Villani et al., 2018a,b) with the values decreasing southwards, always with 

a dominant normal component. Even considering the contribution of the parallel easternmost 

rupture splay (VET7 in Villani et al., 2018b), the average net throw of the southernmost 

sector of the VBFS does not exceed 0.08 m. The 2016 ruptures mostly follow a cumulative 

fault scarp (average scarp height of 3.2 m; see also §4.3) in both bedrock (Cretaceous 

limestone) and alluvium/colluvium (Pleistocene-Holocene). Here, the earthquake rupture and 

the long-term cumulative scarp (always west-side down) run along the eastern flank of the 

Mt. Forciglieta ridge and, because of their downthrows to the west, produce an antislope 

scarp forming a double-crested ridge. This creates, over most of the scarp length, a local 

ridge-top depression where alluvial/colluvial deposits are trapped, due to the damming of 

small east-flowing drainages. The formation of dolines within the depression is common due 

to the limestone bedrock (Figures 2b and 6). 

A good location for trenching purposes in terms of soft and recent sediments is a 30-40 m 

wide small valley, dammed by two west facing subtle subparallel, long-term morphologic 

scarps, about 5-7 m apart and ~0.3 m high (Figure 6). The 2016 ruptures do not appear to 

intersect this valley at the surface but may be concealed by the occurrence of a doline located 

at the base of the scarps, where the coseismic rupture can be projected. Therefore, to 

determine the best location for a trench we have performed an electrical resistivity 

tomography (ERT) profile, about 90 m long, acquired with a capacitive-coupled resistivity 

meter (OhmMapper system powered by Geometrics©; Figure 6c). To gather the highest near 

surface resolution, apparent resistivity was measured using a multi-receiver array with a 5 m 

dipole-dipole transmitter and receiver cables with a potential investigation depth of the order 

of 10 m. A current is applied from the transmitter to the ground via capacitive-coupling and 

the measured voltage at the receivers is a function of the subsurface electrical property (i.e. 

ground resistivity) between the transmitter current and the receiver dipoles (Kuras et al., 

2006). Raw data have been filtered and despiked to remove clear outliers and then inverted 

using a least-squares inversion with smoothness constraints to recover the 2D resistivity 
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distribution at depth (Loke and Barker, 1996). The resistivity section shows the presence in 

the uppermost ~4 m of a moderately resistive layer (up to ~100 Ω⋅m) thickening to the west 

and on top of a more resistive layer (>300 Ω⋅m). We interpreted the upper layer as colluvium 

and fine slope debris and the bottom layer as the weathered marly limestone bedrock (Figure 

2), that is outcropping at the eastern edge of the section (see also §4.3). The resistive layer at 

the bottom clearly shows two small inflections (white arrows in Figure 6c). These buried 

inflections are consistent with the position of two minor scarps at the surface (black arrows in 

Figure 6c) related to W-dipping faults. These results confirm the tectonic origin of the 

antislope scarp, and the suitability of the site for digging the Hope trench (TH, Figure 2b) 

(Lat 42°47'1.45"N, Lon 13°15'40.56"E). 

 

 

 
Fig. 6: a) Aerial view of the Forca di Presta site where the Hope trench is located (white 

arrow). Red arrows point to the synthetic earthquake rupture trace of the 30 October 2016 

that bounds the ridge-top depression for most of its length. Orange line 1-2 is the trace of the 

electrical resistivity profile shown in inset c); b) View of the 2016 coseismic rupture and 

local values of the throw and opening (for location and view direction see figure a); c) About 

90 m-long electrical resistivity profile acquired with a capacitive-coupled resistivity meter 

(orange trace 1-2 in figure a). RMS error 3.8% after 7 iterations. White arrows in the 

resistivity profile point to the small inflections at the top of the weathered marly limestone 

bedrock (more resistive layer), and are consistent with the position of the topographic 

antislope long-term inflections (black arrows; see also §4.3 and Figure 7). The black 

rectangle indicates the trench location. 
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3.2.1 The Hope trench 

In the following we will discuss only the south wall of the Hope trench because there, units 

and relative stratigraphic and structural relations, clearly highlight multiple past coseismic 

surface ruptures across three fault zones (F1, F2, F3; Figure 7).  

The outcropping bedrock to the east of the trench is exposed in the lower part of the wall as 

highly weathered marly limestone (unit G) made of fractured blocks. Unit G is buried by 

colluvium and fine slope deposits mainly represented by hazel to brown silt with sparse 

pebbles, and by small pebbly-gravel lenses with scarce lateral continuity (Figure 7). In 

general, the older stratigraphy in the eastern portion of the wall is quite massive; therefore, 

units F and E are difficult to be distinguished.  

A description of the stratigraphy is reported in the caption of Figure 7. Radiocarbon dating on 

sample E1 (3360-3100 BCE, Table 1) and sample C205 (19820-18990 BCE, Table 1), 

respectively collected at the top (unit A) and at the base (unit F) of the trench, indicate that 

the whole stratigraphy exposed on the trench walls is older than 5 kyr and younger than about 

22 kyr. The lack of younger deposits is likely due to the erosional and karst processes 

affecting the site and/or to the westward migration of the tectonic scarp in recent times, and 

consequent erosion of the eastern sectors (Figure 6, see also §3.2). In this latter case, the 

tectonic trap for recent sediments in the hangingwall of the fault zone would have moved a 

few meters to the west where digging was not allowed because of National Park rules.  

The eastern fault zone (F1, meters 5-7 in Figure 7a) is made of five splays named F1a to F1e, 

and coincides with the easternmost topographic antislope inflection highlighted by the 

geophysical survey at depth (right black arrow in Figure 6c). 

Fault splays F1a, F1b, and F1c appear to cut the entire sequence up to unit B. We were not 

able to confidently trace these faults through the active soil (unit A) at any place along this 

trench, but we cannot exclude that some minor shearing occurred in this unit too and possibly 

during the 2016 earthquake (as for example along the splay F1c). The main offset occurs on 

F1c and is about 0.20 m. Unit B shows 0.1-0.15 m of thickening in the F1c hanging-wall 

probably related to post-event scarp degradation. The top of unit B can be considered as the 

event horizon for the most recent (excluding minor cracks in unit A) surface faulting event 

recognized at F1 (HE1). Along F1c, at about 1m-depth, a small splay branches from the main 

trace in the hanging-wall within unit D, similarly to that involving unit B and unit C above. 

This may be an evidence for a previous faulting event (HE2?). At m 6.5, an about 0.2 m-

wide, V-shaped structure is bounded by F1d and F1e. This is infilled by coarse gravel (unit 

H) probably derived from the local bedrock, a few meters eastward, and capped by unit E. 

Thus, the top of unit H can be interpreted as the stratigraphic level where a further earthquake 

(HE?) occurred. Uncertainty affects the position of this event horizon and its possible 

correlation with other events recognized within the trench wall.  

The second fault zone (F2) consists of 4 fault strands F2a to F2d (meters 9-11.5 in Figure 7b). 

A gentle 0.2 m-high morphologic scarp appears at the surface in alignment with the center of 

this fault zone and coincides with the westernmost topographic antislope inflection. F2 is also 

aligned with the inflection depicted at depth in Figure 6c. Fault splays F2a and F2b define an 

about 0.4 m-wide zone in a highly sheared, chaotic brown silt with no clear stratigraphy. The 

shear zone cuts up to unit B, even though with almost no vertical offset. Also F2c affects the 



 

 
© 2019 American Geophysical Union. All rights reserved. 

deposits up to unit B with a vertical offset of about 0.05 m. Although as in F1 we cannot 

exclude minor shearing in unit A, the top of unit B can be set as the most recent event horizon 

(HE1). Offset measurement on the older units across F2c was not possible given the lack of 

clear stratigraphy in the footwall. The presence of a colluvial wedge (unit Cw), with internal 

bedding, composed of alternating fine clast-supported and silty layers covering a free-face at 

the F2c hanging-wall, just on top of clearly back-tilted thin layers of unit E, is the evidence 

for another event horizon (HE3) at the bottom of unit Cw. The 0.3 m apparent thickness of 

unit Cw could be used as an approximation of the throw related to this surface-faulting event 

at F2c. A further evidence of this event is found at F2d where units F and E are displaced by 

about 0.05 m and warped up to the base of unit D that appears undisturbed.  

The third fault zone (F3) is composed of five fault splays (meters 12-14; Figure 7b): three of 

them join in a single fault at meter 12.5 (F3a); the other two are subparallel splays near meter 

14 (F3b). F3a affects the whole stratigraphy up to unit B producing a vertical separation of 

unit B and unit C of about 0.20-0.40 m accompanied by a thickening of unit B in the hanging-

wall likely due to scarp degradation. Therefore, an event horizon (HE1) can be placed again 

on top of unit B: this is supported also by the presence of a buried paleo-scarp (top of unit B) 

highlighted by the thickening of the active soil (unit A) from 0.35 to about 0.6 m, west of 

F3a. Moreover, along the same fault, an increase of throw with depth occurs: the contact 

between units D/E is displaced by about 0.60 m, whereas the unit E/F contact is displaced up 

to 0.75 m (Figure S4). This suggests the occurrence of a rupture (HE2) with a throw of about 

0.20-0.40 m (0.60 m minus 0.20-0.40 m, that is displacement from HE1; Table 2a) during or 

at the end of deposition of unit D. The additional throw of the E/F contact of 0.15 m (0.75 m 

minus 0.60 m), at or near the top of unit E can be related both to event HE3 and/or HE4. 

Further evidence for these events can be found at F3b. A 0.15-0.20 m inflection occurs at the 

top of unit E, at m 13.5, along with upward termination of fault F3b (HE3). One more event 

(HE4) can be placed at the top of unit F that disappears below the trench bottom across F3b, 

with a minimum throw of about 0.35-0.40 m (Figure S4). A minimum throw of 0.15-0.25 m 

is estimated for HE4 (i.e. 0.35-0.40 m minus the 0.15-0.20 m HE3 displacement). The 

uncertain stratigraphic position of the HE? at F1d and F1e cannot be solved in fact its 

occurrence can be correlated with both HE3 and HE4. 

Constraints on the age of the most recent (HE1) event recognized at the three fault zones are 

provided by radiocarbon dates on sample C202 (5890-5740 BCE) collected 0.1 m below unit 

B and on sample E1 (3360-3100 BCE) sampled 0.15 m above unit B, at the base of the active 

soil (unit A). These indicate an interval of occurrence for the HE1 of 5890-3100 BCE (Figure 

S5). 

The HE2 event horizon is located within unit D (F1c), likely close to its top (F3a), therefore it 

occurred between samples C202 (5890-5740 BCE) and E3 (10590-9885 BCE). Thus, we can 

set the timing of HE2 in the interval 10590-5740 BCE, with the older part preferred, sample 

E3 being close to the event horizon. Constraints on the age of event HE3 recognized at F2, 

F3, and possibly at F1c-d, are provided by radiocarbon dates on sample C204 (16785-16540 

BCE) and C205 (19820-18990 BCE). Because sample C204 is collected within the colluvial 

wedge (unit Cw), the age of HE3 should be within the younger part of the interval 19820-

16540 BCE, closer to 16785-16540 BCE. HE4 is constrained between the same samples 

C204 and C205 (Figure S5), thus falls in the same age interval. On the basis of the 
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stratigraphic locations of the samples, the oldest part of the interval is preferred (assumed to 

be the older half of the interval).  

 

 

 

Fig. 7: Simplified logs of the fault zones on the south wall of the Hope trench from a 1:20 

scale survey superimposed on a) photo (meter 7-8 not covered by the image, top and bottom 

of the trench marked by dashed black lines) and b) orthophotomosaic generated by structure-

from-motion (SfM) photogrammetry from ground-based imagery. Grid spacing is 1 m. Black 

squares indicate dated radiocarbon samples and relative age (Table 1). White capital letters 

refer to the stratigraphic units described in the legend below. Limits of the units are identified 

with colored lines. Faults are traced with red lines, dashed when inferred, and fault zones are 

indicated with progressive numbers, F1 to F3, letters indicate the individual splays. Red stars 

locate the event horizons (ground surfaces at the time of surface faulting earthquakes). Events 

are referred to as HE1 to HE3, starting from the most recent event. Question marks are used 
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when the event horizon position is uncertain. Legend: unit A, active soil unit, about 30-40 cm 

thick, composed of an active topmost layer (15 to 20 cm thick) and a B-soil horizon below; 

unit B, hazel to yellowish silt, about 10-15 cm thick, with very fine to fine sparse pebbles; 

unit C, fine gravel in a poor silty matrix, ca. 10-20 cm thick; unit D, brown silt within a clear 

continuous fine gravel layer at the bottom; unit E, brown silt, darker at the bottom, with 

sparse pebbles and several thin (3-5 cm thick) pebbly-gravelly lenses with no lateral 

continuity in the uppermost 0.5 m; unit F, brown to dark brown silt with a peculiar 10-20 cm 

thick gravelly layer at the top; unit G, weathered marly bedrock made of fractured limestone 

blocks within a brown silty matrix; unit H, angular to sub-angular carbonatic pebbles in a 

poor silty matrix; Cw, colluvial wedge, made of alternating fine clast-supported and brown 

silty layers, with internal bedding. 

 

 

Trench-sample 
code 

Sample 
position 

(Wall/hor 
meter/vert 

meter) 

Trench-
unit 

Lab code Sample Type 
δ13C 

(IRMS) 

Conventional 
Age 

(before 1950= 
B.P.) 

Calibrated Age 
(2σ) 

Probability  
Distribution 

Matthew-
MATT#12 

SW/4-5/2-3 TM-D Beta-471116 Bulk -24.2 1540 ± 30 BP 430-590 CE 1.000 

Matthew-
MATT#5 

SW/2-3/1-0 TM-A Beta-471117 Bulk -23.0 3520 ± 30 BP 1930-1750 BCE 1.000 

Matthew-
MATT#1 

NW/2-3/1-
2 

TM-B Beta-475297 Bulk -23.9 2120 ± 30 BP 
340-320 BCE 
210-50 BCE 

0.040 
0.960 

Matthew-
MATT#4 

SW/2-3/1-2 TM-E Beta-475296 Bulk -24.4 1260 ± 30 BP 
670-780 CE 
790-830 CE 
840-860 CE 

0.899 
0.058 
0.043 

Curly-C23 SW/4-5/2-3 TC-D Beta-475295 Bulk -24.6 1670 ± 30 BP 
260-280 CE 
320-430 CE 

0.061 
0.939 

Curly-C24 SW/5-6/3-4 TC-F Beta-471115 Bulk -24.7 740 ± 30 BP 1220-1290 CE 1.000 

Curly-C150 SW/3-4/1-2 TC-A Beta-471114 Bulk -24.4 3510 ± 30 BP 1920-1750 BCE 1.000 

Curly-C7 
NW/1-2/2-

3 
TC-D Poz-95416 Charcoal np 1410 ± 30 BP 590-670 CE 1.000 

Hope-C202 SW/6-7/2-3 TH-D Beta-475298 Bulk -23.6 6940 ± 30 BP 5890-5740 BCE 1.000 

Hope-C204 
SW/10-
11/1-2 

TH-Cw Beta-475299 Bulk -23.6 15330 ± 40 BP 
16780-16540 

BCE 
1.000 

Hope-C205 
SW/13-
14/0-1 

TH-F Poz-95770 Bulk np 17650 ± 140 BP 
19820-18990 

BCE 
1.000 

Hope-E1 
SW/13-
14/1-2 

TH-A Beta-471119 Bulk -24.7 4520 ± 30 BP 
3360-3260 BCE 
3240-3100 BCE 

0.337 
0.663 

Hope-E3 
SW/13-
14/1-2 

TD Poz-95772 Bulk np 10360 ± 90 BP 
10590-9990 

BCE 
9930-9890 BCE 

0.976 
0.024 

 

Table 1. 14C dated samples from the trenches with conventional and calibrated ages. SW, 

south wall; NW, north wall. Trench: TM, Matthew; TC, Curly; TH, Hope. Lab code: Beta, 

Beta Analytic Radiocarbon Dating Laboratory (Florida, USA); Poz, Poznan Radiocarbon 

Laboratory (Poland). Measured radiocarbon ages were corrected for isotopic fractionation, 

calculated using the δ13C (except when np: not provided by the Lab). Calibrated ages were 

obtained by correction for the 12C/14C changes in the atmosphere using OxCal 4.3 (Bronk 

Ramsey, 2009)] with the IntCal 13 atmospheric curve (Reimer et al., 2013), and were 
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rounded to the nearest decade. The chronological distribution of the radiocarbon ages is 

available in Figure S5. 

 

 

3.3 Correlation of surface faulting paleoearthquakes along the VBFS 

As already mentioned, the VBFS is one of the few seismogenic structures in the central 

Apennines that was investigated through a large number of paleoseismological trenches. 

Therefore, through the integration of these data, there is the occasion to build a robust and 

exceptionally long seismic history. The trenches from Galadini and Galli (2003) were 

excavated almost two decades before the occurrence of the 2016 earthquake sequence, 

whereas those from this work and from Galli et al. (2019) were opened in 2017. These 

paleoseismological datasets derive from trenches located across antithetic surface ruptures 

and across minor synthetic splays that ruptured the surface only in the 30 October earthquake 

during the 2016 sequence (Figure 1). In the assumption that the 2016 earthquake sequence is 

a reference for the surface rupture behavior of this fault system, we expect that ruptures on 

the antithetic fault strands and on the minor synthetic splays occur only during M~6.5 or 

larger earthquakes on the VBFS. Therefore, the surface faulting events discussed in the 

following would represent M≥6.5 earthquakes that are expected to produce a pattern of 

ruptures similar to that of 30 October 2016. 

 

3.3.1 Synthesis of events recognition and dating from this work 

The data from this work account for the earthquake history of the VBFS back to ~22 kyr. As 

previously discussed, the Hope trench shows traces of the oldest ruptures (older than 5 kyr), 

while the two “antithetic” trenches, Curly and Matthew, describe the youngest history (the 

last ~4 kyr) providing fully consistent results. These circumstances allowed to compose a 

long paleoseismic dataset for this fault system based on multiple direct evidence of surface 

faulting in the same trench and in different trenches. 

Figure 8a synthesizes the paleoseismological results discussed above and reports a tentative 

correlation among the paleo-events recognized in the different trenches. This correlation is 

based on the preferred ages of individual events (see discussion on the single trench at §3.1.1, 

§3.1.2, §3.2.1). When multiple age correlation was possible, we choose that one fitting better 

with the stratigraphy and with the events sequence in the individual trenches. From this 

correlation, we conclude that during the past ~22 kyr at least 7 surface faulting M≥6.5 

earthquakes ruptured the VBFS. These events are labeled with progressive numbers starting 

from the most recent event e1 (i.e. the 2016 event) to event e7. e1 (2016) is recognized as a 

clear rupture of the ground with throw and/or opening right on top of the fault zone, with the 

local exception of the Hope trench where the continuity of the 2016 ground rupture trace was 

lost over a few meters at the trench location. Only one more surface faulting event occurred 

in the past two millennia: e2 is recognized in Matthew and Curly trenches and can be 

constrained in time between 260 CE and 590 CE. Three older events, e3 to e5, occurred 

between 0 and ~11000 BCE, whereas e6 and e7 date back to ~17000 and ~20000 BCE. Event 

e3 is recorded in Curly and Matthew trenches and dated to the interval 1920-50 BCE, with 
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the older part of the interval preferred. The previous events were only found in the Hope 

trench that exposes a much older stratigraphy. e4 was dated to 5890-3100 BCE; e5 was dated 

to 10590-5740 BCE, with the older part preferred based on stratigraphic considerations; both 

e6 and e7 are constrained by the same dates and occurred in the time interval 19820-16540 

BCE, with a preference, based on their stratigraphic position, for the younger and older parts 

of the interval, respectively. There is a large time gap between e5 and e6; whether this is a 

true lack in surface faulting events or a lack in information (sediments missing) from the 

trenches cannot be established with the available data. Therefore, we consider that this paleo-

earthquake history accounts for a minimum number of surface faulting events for the VBFS. 

 

3.3.2 Paleoearthquake evidence from other works 

Galadini and Galli (2003) describe three trenches opened across the secondary splay crossing 

the Castelluccio plain (Figure 1, blue squares), in between the Matthew/Curly trench site to 

the north and the Hope trench site to the south. They found evidence for at least three events, 

here named by the label GG preceding the sequential number of the event (Figure 8a). To 

avoid confusion, we use the Common Era notation system for calendar era also when 

referring to the original ages from the Authors. The most recent (at the time of 2003) event 

GGE1 was dated between 4155 BP and the 6-7
th

 century CE (i.e. 500-700 CE), the previous 

one GGE2 was constrained between 5940 BP and 3965 BP, whereas a previous event (or 

multiple events) GGE3 is poorly constrained between 18000 and 5780 yr BP (Figure 8a). 

These three event age intervals overlap the age intervals of e2/e3, e4, and e4/e5, respectively. 

Unfortunately, they cannot be used to better constrain the age of these events. 

Galli et al. (2019) describe three trenches (T1-T3) excavated along the same antithetic fault 

strand where we did excavate Curly and Matthew trenches; T2 very close to Curly trench 

(Figure 1, green squares). These authors claim evidence for five events since 9000 yrs and 

before 2016. This paper would be a great opportunity to integrate the results of all available 

trenches, however, we were not able to use the results of Galli et al. (2019) as published 

because their concluding results are not compatible with the data they presented. The main 

difficulties we encountered were: discussion of the event recognition too limited, event 

horizons not indicated in the logs, discussion on dated samples very limited (i.e. lack of 

rationale for use or exclusion of individual samples, problems in the resulting ages with 

respect to the stratigraphy, etc.), event correlation among trenches based only on ages and not 

on the sequence of events, final age ranges of events (Figure 10 in Galli et al., 2019) much 

narrower with respect to the actually available age ranges (see Figure S7 and Text S1 for 

details). 

Therefore, to assure an integration of homogeneous results, we felt obliged to re-interpret the 

trench logs and the dating from Galli et al. (2019), following the same approach we used for 

the trenches presented in this work, mainly being conservative and trying to avoid over-

interpretations of the data. On the basis of this re-interpretation, the pre-2016 event 

T1E2rev/T2E2rev/T3E2rev is recognized in all three trenches and can be dated to 340-575 

CE. A previous event T2E3rev is seen only in T2 and can be dated to 4520-2365 BP. Two 

older events, inferred by the correlation of T2E4rev/T1E3rev and T3E3rev/T1E4rev are dated 
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to 7710-5055 BP and before 9130 BP, respectively (lower part of Figure 8a, see also Figure 

S7 and Text S1). 

 

3.3.3 Integrated history of M≥6.5 surface faulting earthquakes along the VBFS 

 

Figure 8a shows that a good correlation exists between the chronology of surface faulting 

events from the three sets of trench data (e1-e7, GGE1-GGE3, T*E*rev; see §3.3.1 and 

§3.3.2) making particularly reliable the surface faulting history for M≥6.5 earthquakes along 

the VBFS. Age ranges of events (referred with capital letter and numbers, E1-E7) obtained by 

integrating the three works are listed in Table 2b and are graphically highlighted with shaded 

vertical bands in Figure 8a. 

 

 

 
Fig. 8: a) Summary of the timing of events (e2-e7) obtained from the trenches presented in 

this paper and compiled from previous papers (Galadini and Galli, 2003; Galli et al., 2019 

re-interpreted). Names of events are those used in the text and in Text S1. Dashed rectangles 

highlight correlations among results from Curly and Matthew trenches (e2 and e3). Black 

circles refer to the 30 October 2016 earthquake. Horizontal bars show the uncertainties on the 

age of the events, and white arrows point to the preferred portion of the age interval (see 

§3.3.3 and Table1). Correlated events from all the datasets are referred with capital letter and 

numbered E1 (that is 2016) to E7 from the youngest to the oldest. The shaded vertical bands 

represent the preferred correlations, based on additional stratigraphic considerations when 

delimited by dashed lines; b) Timing of E2 (brown horizontal bar) and damaging events 

documented in the ancient town of Rome in the IV-V century CE (blue horizontal bars 

(Guidoboni, 1999; Guidoboni et al., 2018) (see §4.2.1 for discussion). Photo to the left 

(gruntzooki. Panairjdde at it.wikipedia [CC BY-SA 2.0 
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(https://creativecommons.org/licenses/by-sa/2.0)], from Wikimedia Commons): Inscription 

engraved in a stone near the main entrance of the Colosseum that commemorates the 

restoration decreed by the prefect Decio Mario Venanzio Basilio to repair the damage caused 

by an abominendi terrae motus, i.e. an earthquake before 519 CE when the games held in the 

Colosseum started again after a period of inactivity (Como, 2016). 

 

 

4.0 DISCUSSION  

4.1 Paleoearthquake size 

 

We recognized evidence for the occurrence of 7 surface faulting earthquakes between ~22 

Kyr and 2016 along the VBFS. The magnitude of these events is expected to be similar to or 

larger than that of the 30 October 2016 earthquake (M≥6.5) because we trenched those fault 

splays that ruptured only during the 30 October 2016, Mw 6.5 earthquake and were not 

involved in the previous surface faulting events of the 24 August (Mw 6.1) and 26 October 

(Mw 5.9) (Figures 1, 2, and S2). In fact, the 30 October earthquake produced not only a 

longer surface rupture but also a wider deformation zone with the occurrence of displacement 

on antithetic and secondary synthetic strands (Civico et al., 2018; Villani et al., 2018a, b). 

In the trench walls, most of the displacements measured for individual paleo-events are 

distributed over several fault splays and the throw values lead to paleo-rupture sizes 

comparable to or larger than that of 2016 (Table 2a), suggesting M≥6.5 events. The throw of 

individual paleo-events at San Lorenzo site is obtained by summing the values at the two 

trenches, because these are located across two overstepping and structurally-linked strands, 

PRA1 and PRA2 (Figures 2a and 3). Indeed, by summing the 2016 vertical displacements 

measured at the Curly (CE1, 0.04-0.10 m) and Matthew (ME1, 0.42-0.49 m) trenches, we 

estimate an average throw on the antithetic fault relay of 0.52±0.03 m (E1, Table 2a). In a 

similar way, the sum of the vertical displacements of E2 measured at the Curly (CE2, 0.12-

0.21 m) and Matthew (ME2, 0.46-0.49 m) trenches provides the average throw of the 

penultimate event along the same relay zone, that is 0.65±0.06 m (E2, Table 2a). The total 

throw per event of E1 and E2 is thus comparable. In both events, the vertical displacements in 

Curly trench are smaller, contributing ~15% and ~35% of the total amount across the two 

splays in E1 and E2, respectively. We could not retrieve the throw value of ME3 at Matthew 

trench, but as a first approximation we consider the CE3 throw value (0.05-0.14 m) as a 

minimum value for ME3. Again summing the throws in both trenches, a minimum average 

throw for E3 of 0.20±0.04 m is inferred on the antithetic fault (E3, Table 2a). The paleo-

throws from trenches are point observations but they appear to be representative of the 

amount of throw recurring along the antithetic zone (Figure 2a). Indeed, they are of the same 

order of magnitude as the 2016 average throw calculated along the antithetic traces, which is 

0.41 m (Villani et al., 2018b). Moreover, the coefficient of variation CV (standard deviation 

divided by the mean) of the E1-E2-E3 displacements is ~0.40, indicating that the values have 

a low average variation and are characteristic for the site (see also Hecker et al., 2013). These 

congruences also allow to consider that the amount of slip per event of paleoearthquakes 

captured in the trenches depicts a large percentage of the total vertical displacement occurring 

on the antithetic fault splays, i.e. major displacement is usually partitioned in the discrete 

https://it.wikipedia.org/wiki/Decio_Mario_Venanzio_Basilio
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zone with trench-spatial extent of meters, and that only a small amount occurs away from this 

zone (see also Wedmore et al., 2019). The paleo-throws on the antithetic fault (Table 2a) are 

likely to be considered minimum estimates on the master fault at this location (Mt. Porche-

Mt. Argentella, POR1 and POR2 in Villani et al., 2018b; Figure 2a). The Hope trench 

provided estimates of the throw associated with E4 to E7. At the trench location, the average 

throws for the individual events are 0.55±0.07 m (E4), 0.30±0.06 m (E5), and 0.48±0.01 m 

(E6), 0.35±0.03 m (E7) (Table 2a). As for the previous trench site, the coefficient of variation 

CV of the displacements is ~0.30. 

We cannot directly compare the paleo-dislocations and the 2016 throw (not available, see 

§3.2) at the Hope trench site. However, an average vertical displacement of 0.07 m is 

recorded along the 2016 rupture strand of Forca di Presta (Figures 2b and 10b). Assuming 

this average throw to be representative of the trench site, the average throws of E4 to E7 

paleo-events (Table 2a) are significantly higher. Three main reasons can explain this 

variability of the throw per event in time at this site: 1) the large values possibly include 

throws from more than one event; 2) the different throw per event at the trench scale may 

result from the breakage of different slip patches on the fault at depth or different rupture 

dynamics during individual paleo-events on the VBFS and or 3) the E4 to E7 are 

displacements from M>6.5 earthquakes, larger than 2016. All three cases lead to a different 

rupture scenario compared to the 2016 rupture along the southern portion of the VBFS. 

Along this portion, the 2016 throw decreases and the rupture trace becomes discontinuous, 

until it finally disappears about 1 km to the south. In contrast, the larger throws of the paleo 

ruptures at Hope trench location possibly indicate the rupture of a longer fault-system, 

suggesting a linkage between the VBFS and the southern contiguous fault system, that is the 

Mt. Laga fault system, LMFS (Figure 1), giving rise to higher-magnitude events. The VBFS 

and the northernmost portion of LMFS already ruptured together producing the Mw 6.1, 24 

August 2016, Amatrice earthquake (Chiaraluce et al., 2017). However, the rupture at surface 

was confined along the southernmost part of the VBFS (Figure S2) with average slip ~0.13 m 

and not involving the splay south of Forca di Presta (VET6), thus picturing a scenario not 

congruent with our paleoseismic data. The relatively larger paleo-throws at Hope trench 

location would imply a rupture involving the southern section of the VBFS (splays VET6 and 

VET7) together with a larger portion of the LMFS in the period between 5 kyr and 22 kyr. 

The paleoseismic data collected along this southernmost portion of the fault system would 

also be concordant with the fault linkage hypothesis proposed by Pizzi et al. (2017). Further 

data, including the timing and the size of paleo-ruptures along the northern portion of the 

Laga fault is needed to corroborate this hypothesis. 

Our chronological correlation of surface faulting events from the three sets of trench data (see 

§3.3.3 and Figure 8a) allows some considerations on the minimum length of the paleo-

ruptures. The three (E2-E4), possibly four (E2-E5), surface ruptures before 2016 

contemporaneously involved different splays of the fault system, both in the central and 

southern portion, spanning a distance of 10 km. This value can be considered the minimum 

rupture length for the Holocene paleo-events recognized along the VBFS so far. 

As a general comment, the analysis of slip variation in different events at a point may be 

helpful to constrain the intrinsic variability in the range and frequency of earthquake sizes 

produced by a fault system. On the other hand, multiple trenching sites are required along 
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strike to reduce the uncertainties on paleo-magnitudes, along with fault geomorphological 

observations (i.e. fault length, medium to long-term slip rate).  

 

a) Throw per event 

Trench event code Throw across the fault 

zone (m) * 

Average Throw with 
standard deviation° (m) 

 Throw per event (m) 

     
E1 (Antithetic) 0.52±0.03 
 
E2 (Antithetic) 0.65±0.06 
 
E3 (Antithetic) 0.20±0.04^ 
 
E4 (Synthetic) 0.55±0.07 
 
E5 (Synthetic) 0.30±0.06 
 
E6 (Synthetic) 0.48±0.01 
 
E7 (Synthetic) 0.35±0.03^ 
 
 

CE1 (2016) 0.04 -0.10  0.07± 0.02   

CE2 0.12-0.21  0.17±0.03   

CE3 0.05-0.14  0.10±0.03   
    

ME1 (2016) 0.42-0.49 0.45±0.02  
ME2 0.46-0.49  0.48±0.05  
ME3 0.05-0.14^ 0.10±0.03^  

    
HE1 0.45-0.65 0.55±0.07  
HE2 0.20-0.40 0.30±0.06  
HE3 0.45-0.50 0.48±0.01  
HE4 0.30-0.40 0.35±0.03^  

*minimum and maximum values calculated across the whole fault zone in the trench (Curly) or adding throws on single 

splays (Matthew and Hope) 

^minimum values 

° standard deviation computed by assuming a uniform probability distribution for the throw values 

 

 
b) Timing of events 

Event E7 E6 E5 E4 E3 E2 E1 

integrated 
age ranges  

19820-16540 BCE 
(preferred 19820-

18180 BCE) 

19820-16540 BCE 
(preferred 18180-

16540 BCE) 
10590-7180 BCE 5760-3100 BCE 1930-415 BCE 

260-575CE 
(preferred 

433 CE) 
2016 

correlated 
events 

HE4 HE3 HE2, T1E4rev, 
T3E3rev, GGE3? 

HE1, T2E4rev, 
T1E3rev, GGE2 

CE3, 
ME3,T2E3rev 

CE2, ME2, 
T1E2rev, 
T2E2rev, 
T3E2rev 

GGE1? 

 

 
c) Recurrence Interval 

Number of inter-event probability distribution Inter-event 

Iev1,2 (E1-E2) uniform 

degenerate* 

1440 – 1755 (1560) 

1573* 

Iev2,3 (E2-E3) trapezoidal 

uniform* 

675 – 2505 (1590) 

  860 – 2375 (1615)* 

Iev3,4 (E3-E4) trapezoidal 1170 – 5345 (3260) 

Iev4,5 (E4-E5) trapezoidal 1420 – 7490 (4460) 

Iev5,6 (E5-E6) 

 

trapezoidal 

trapezoidal* 

5950 – 11000 (8480) 

 5950 – 11000 (8475)* 

Iev6,7 (E6-E7) 

 

trapezoidal 

asymmetric* 

0 – 3280 (2137) 

 0 – 3280 (1640)* 
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d) slip rate 

fault splay 
(code) 

vertical slip rate 
(mm/yr) 

dip slip rate 
(mm/yr) 

Mt. Rotondo-San Lorenzo-Ghezzi 
(PRA1-PRA2) 
antithetic fault 

0.24-0.35* 
0.26-0.38* 
(minimum  
calculated) 

Mt. Porche-Mt. Argentella  
(POR1-POR2) 
master fault  

 
0.22-0.36 * 
(minimum 
inferred)  

Forca di Presta fault (VET6) 
synthetic fault 

~0.10^ 0.10-0.11^ 

*rate from Matthew and Curly trench data 

^rate from Hope trench data 

 

Table 2. Summary of the parameters calculated for the paleoearthquakes and slip rates: a) 

throw per event; b) timing of events based on the preferred ages (see also Figure 8a) and 

derived by the correlation of single events in multiple trenches; c) results of statistical 

analysis of inter-event times (Iev). Data marked with a star are obtained assuming 433 CE as 

occurrence time of E2 (Iev1,2 and Iev2,3) and using the preferred intervals of E6 and E7 (Iev5,6 

and Iev6,7; Table 2b). In the second column the type of probability distribution is reported 

(see §4.2 for details). The third column lists the bounding and the median (in brackets) values 

of related Iev; d) minimum slip rates for the central and southernmost portion of the VBFS 

derived from Matthew-Curly and Hope trenches. 

 

 

4.2 Recurrence interval 

 

The overall average recurrence interval of surface faulting along the investigated portions of 

the VBFS is in the range 3360-3640 years (7 events since 19820-18180 BCE) (Table 2b). 

Recurrence intervals of thousands of years for surface faulting events are typical of the major 

normal faults in the central Apennines (e.g. Galadini and Galli, 1999; Galli et al., 2008; 

Pantosti et al., 1996; Cinti et al., 2018a). However, using the time window of the last ~4000 

yr, the average interval is 1220-1970 years (3 events since 1930-415 BCE), which is 

substantially shorter (Table 2b). 

To analyze this issue more in detail, we estimate the probability distribution of the inter-event 

time (Iev) related to each couple of consecutive events. Specifically, for the inter-event time 

Ievi,j, we simulate 10
7
 couples of occurrence times of temporally adjacent events Ei and Ej, 

drawn from a uniform distribution of the respective event ages, except for E6 and E7 for 

which we assume the most likely values at the younger and older bounds, respectively (Table 

2b). Then the probability distribution for Ievi,j is given as the empirical distribution of 

simulated inter-event times. In this way, we obtain trapezoidal distributions for all Iev, but 

the most recent I1,2, for which we have a uniform distribution (Figure 9a). Table 2c lists the 

time ranges for all Iev, together with related median times. We repeat the same analysis by 

assuming as alternative hypothesis the preferred intervals for E2, E6 and E7 (Table 2b). 

The obtained irregular distribution of the earthquake recurrence over a timescale of thousands 

of years can be explained in different ways. On the one side, it may be affected by a bias in 

the data collection over time. In fact, the further we go back in time, the higher the 

probability that we missed traces of individual events of surface faulting (as depositional and 
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erosional processes may have overridden them). This is particularly true in a monotonous 

stratigraphy like that exposed in the Hope trench, with depositional/erosional processes 

strongly influenced by climate, landscape, and karst. Moreover, the time window 13-19 kyr 

lacking any events coincides with the late glacial period that was generally characterized by 

very low depositional rates making very hard to recognize individual faulting events with 

throws similar to the 2016 earthquake (minor signature in Hope trench) or even with throws 

of several tens of centimeters. This may also explain the highest throw values measured for 

the old events. On the other side, we could hypothesize that since the Late Holocene, the 

VBFS has experienced an acceleration of the seismic release with shorter inter-event time 

between surface rupturing earthquakes. If we assume that the irregular distribution of the 

earthquake recurrence is due to a natural variability, instead of bias in the data, we can 

estimate an overall probability distribution for Iev, by means of simulation, as we did to 

determine the individual Iev. The resulting distribution is shown in Figure 9b (blue solid 

line), giving a probability close to 0.6 of having an Iev< 3000 yrs and the most likely Iev 

close to 2000 yrs. In the hypothesis of a renewal behavior (i.e. that the intervals between 

successive events are independent and identically distributed), this type of distribution 

predicts a possible long-term temporal clustering of surface faulting earthquakes, on a time 

scale of thousands of years. We repeat the same procedure, both by considering the preferred 

events ages (Table 2b) and by separating the inter-events computed on Curly-Mattew (E1, 

E2, E3) and Hope (E4, E5, E6, E7) events. Whereas the two versions of event dating (Table 

2b) do not provide significant differences in the overall probability distribution of Iev (Figure 

9b, solid and dashed blue lines), the separation of inter-events derived by distinct trenches 

provides quite different distributions for Iev (Figure 9b, red and black solid lines). 

Specifically, the possible values of Iev for Hope events (black solid line) cover a well larger 

range (up to 10000 yrs) than that given by the Curly-Mattew events (red solid line, recurrence 

time below 3000 yrs).  

Variable fault recurrence intervals are a common feature of other extensional environments 

(e.g. Friedrich et al., 2003; Akçar et al., 2012; Nicol et al., 2016) and already documented for 

the Paganica fault, rupturing in 2009 Mw 6.1 L’Aquila earthquake (Cinti et al., 2011) in the 

central Apennines. Such temporal variability could be the result of interactions between 

active faults within distributed fault networks, despite that the tectonic loading rate may be 

constant in time and space (e.g. Robinson, 2004; Marzocchi et al., 2009; Marzocchi and 

Melini, 2014; Robinson et al., 2009; Cowie et al., 2012; Wedmore et al., 2017). Another 

factor, commonly invoked to explain the irregular recurrence of faults, is the role played by 

fluids in the fault failure process, as suggested for the 2016 seismic sequence by Walters et al. 

(2018). The role of fluid migration appears to be relevant for the Apennines and was also 

observed in the nucleation and evolution of the 2009 L’Aquila earthquake sequence (Di 

Luccio et al., 2010; Lucente et al., 2010) and 1997 Colfiorito sequence (Miller et al., 2004).  

Moreover, we have also to consider that our history of past rupturing events may include 

some smaller events (24 August and 26 October 2016-type) that we could not decipher 

because they are too small and close in time (overridden, see also §2.). Then, the slip 

interpreted as formed in a single discrete event would be a cumulative slip in more than one 

event and the inter-event time would be shorter. This is unlikely for Curly and Matthew 

trenches where the throw is comparable for all recognized events, including the 2016 
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earthquake (Table 2a). Conversely, at the Hope trench, we have to consider the possibility 

that the large observed throws contain also some minor ruptures that cannot be individually 

constrained (4 events produced a total of 1.68 m vs the about 0.07 m offset in 2016). The 

complexity of the Hope trench setting is also highlighted by the fact that the 2016 rupture did 

not intersect the trench (possibly because of rupture migration towards the doline, Figure 6).  

 

 
Fig. 9: a) Plot of probability distributions of Inter-event times (Iev). Lower panel refers to 

preferred age intervals (Table 2b). For each Iev, solid horizontal lines mark the interval times 

for the bounding events. The vertical dotted black lines mark the estimated interval times of 

the corresponding Iev (see also Table 2c). The adjacent shaded areas mark the estimated 

probability density function of each Iev (uniform for Iev1-2 and trapezoidal for all the 

others). The dots mark the median points between the representative times (i.e. central point 

of estimated interval times) of subsequent events; b) Overall probability density function for 

Iev, obtained integrating the distributions shown in Figure 9a by mean of simulations. Colors 

mark the different age interval datasets. 
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4.2.1 Paleoseismological data vs historical accounts 

Event E2 was dated between 260 CE and 575 CE (Figure 8). Several earthquakes struck 

Rome between the fifth and the ninth century CE (Figure 8b) as testified by historical sources 

that document earthquake damage and subsequent reconstruction (Guidoboni, 1989; 

Guidoboni et al., 2018; Galli and Molin, 2014). In particular, the evidences of coseismic 

collapse and destruction are distinct and have been chronologically attributed to earthquakes 

in CE 443, 484–508 (uncertain date), and 801 (e.g. Galadini et al., 2018). The effects of 

seismic shaking were severe (7.5-8 intensity degree MCS in Rome; Guidoboni et al., 2018) 

and likely aggravated due to the high vulnerability of the buildings at that time. The main 

cause for the shaking in Rome are the M>5.5 earthquakes originating on the dense network of 

active faults in the central Apennines (e.g. Galli and Molin, 2014). Some of these earthquakes 

have been attributed to specific faults. Moving in the modern era, we witnessed the activation 

of multiple distinct faults producing earthquakes in a close temporal succession, i.e., Fucino 

1915, Umbria-Marche 1997, L’Aquila 2009, and Norcia 2016: all these events were felt in 

Rome with assigned intensity ≥5 MCS. Therefore, the temporal clustering of seismicity 

highlighted by the historical documentation of Rome is likely contained in the 

paleoseismological records of the faults in the central Apennines. Paleoseismic investigations 

have significantly increased our knowledge of the seismic history of these faults in the last 

decades; nevertheless, the correlation between paleoearthquakes recorded in trenches and 

historical events is still made difficult by the limited historical observation before 1600, 

limited record of paleoearthquakes with respect to known active faults, and also because of 

the large uncertainty in the timing of events. In fact, even when the paleoearthquake age 

interval is relatively narrow and based on absolute dating, it remains on the order of a few 

hundred years, a time window large enough to include more than one historical earthquake.  

Based on the trenching data available in the literature, several faults in the central Apennines 

can be responsible for the damage in Rome between the fifth to ninth century CE.  

However, it is interesting to note that the age we obtain 

 for E2 on the VBFS overlaps with two damaging events recorded in Rome, located about 

120 km southwest, and dated 443 CE and 484/508 CE (Figure 8b). These events produced 

collapses of temples, homes and public buildings, colonnades, and heavy damage affecting 

the Flavio amphitheater (Guidoboni et al., 2018; Galadini et al., 2018). On the basis of 

paleoseismological and archaeoseismological evidence, the 484/508 CE event has been 

tentatively attributed to the Fucino fault that lately ruptured in 1915 (e.g. Galadini and Galli, 

1999; Galadini et al., 2010).  

Assuming the 484/508 CE earthquake indeed occurred on the Fucino fault, the Mw 6.5 30 

October 2016 earthquake (5 intensity degree EMS-98 in Rome; Rossi et al., 2019) can be 

interpreted as a modern twin of the 443 CE event. This interpretation is in agreement with 

that in Galli et al. (2019), concluding that the penultimate earthquake on the VBFS occurred 

in Late Roman times, perhaps in 443 CE. 

It is interesting to note that, similar to what happened during the past 30 yrs with the clustered 

occurrence of three main seismic sequences on neighboring faults (1997, 2009, 2016), the 

central Apennines did already experience an Early Middle Age seismic cluster producing 

significant impact on the town of Rome (CE 443, 484/508, and 801). 
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The comparison of the ages of the paleoearthquakes collected in trenches across neighboring 

faults to those of the VBFS (Table 2b) may help unraveling the pattern of paleo-temporal 

clustering in the area. Of course, the more robust is the age constraint of the paleo-events, the 

more reliable is the comparison. As an example, a paleo-event just before 3800-3600 BP 

(1650-1850 BCE) has been associated with the Norcia fault running parallel to and just to the 

west of the VBFS (Galli et al., 2018). The timing of this event overlaps with that of E3 

(1920-1500 BCE) along the VBFS. Thus, it is possible that these two events are two 

successive, and close in time, earthquakes occurring in the area on distinct nearby faults, as 

part of a previous cluster of paleo-earthquakes.  

 

 

4.3 Late Pleistocene-Holocene dip-slip rates  

 

Data from the trenches allow us also to make some considerations on the slip rates of the 

VBFS for the Late Pleistocene-Holocene. 

In order to infer the slip rate of the central portion of the fault system activated during the 

Norcia earthquake we consider the pinpoints from the Matthew and Curly trenches, namely: 

the aggregate average throws of the 2016 event (E1: 0.52 +/-0.03 m), the cumulative 

minimum throw value of the three most recent events (E1, E2, E3: 1.37+/-0.08 m; Figure 

10a), and the resulting average throw per event (0.46 +/-0.03 m). If we average the 30 

October 2016 surface throw along-strike and attribute it to the trenched antithetic faults 

(splays PRA1 and PRA2), we obtain 0.41 m. This averaged 2016 throw is similar to the 

average throw per event from trenches (0.46 +/-0.03 m), suggesting a quasi-characteristic slip 

for the past three events. On the basis of outcropping bedrock fault planes, the semigraben 

formed by synthetic (POR1 and POR2) and antithetic (PRA1 and PRA2) splays is nearly 

symmetrical, showing planes dipping 61°-68° and 64°, respectively (data from Villani et al., 

2018a). Thus, using the average interval of 1220-1970 years (see §4.2) for the last three inter-

events and the average throw per event (0.46 +/-0.03 m), we estimate a vertical slip-rate of at 

least 0.24-0.35 mm/yr on the antithetic fault (Table 2d). Taking into account a fault dip of 

64°, the resulting dip-slip rate is in the range of 0.26-0.38 mm/yr. Moreover, assuming that 

the master fault displays a deformation equal or larger than the antithetic structure, this range 

represents a minimum for the slip rate expected on the master fault at this location (Mt. 

Porche-Mt. Argentella, POR1 and POR2 in Villani et al., 2018b; Table 2d and Figure 11). 

In order to evaluate a vertical slip rate based on the Hope trench data, we use the average 

throw per event of 0.42 +/-0.02 m (HE1 to HE4 throw values; Table 2a) and the average 

recurrence interval of 4140-5570 years, derived from the time window of 12400-16700 yrs 

between E4 to E7 (Table 2b). The resulting vertical slip rate is of ~0.10 mm/yr (Table 2d). 

Assuming a fault dip ranging 65°-75° (from fault-plane dip measurements from Villani et al., 

2018a), we obtain a dip-slip value of 0.10-0.11 mm/yr (Table 2d and Figure 11). This value is 

representative of the southernmost tip of the fault system (south of Forca di Presta; Figure 2), 

and it is a minimum value for the whole southern portion of the VBFS, including at least one 

additional sub-parallel splay (VET7 to the east; Figure 1).  

The total 2016 throw from the Matthew and Curly trenches (0.52 +/-0.03 m) is comparable to 

the average coseismic net throw (0.50 m) calculated within a 250 m-long fault section 
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including the trenches (Villani et al., 2018b). This confirms that the two trenches provide 

quasi-complete information on the coseismic slip along this complex fault system (Figure 

10a). Not having a complete field dataset of the total 2016 throw on the synthetic fault zone 

facing the trench location, we can consider the 0.46 m coseismic near-fault POR1 vertical 

displacement (Figure 10a), measured by low-cost Global Navigation Satellite System 

(GNSS) receivers located about 1 km to the NE of our trench sites (Wilkinson et al., 2017). 

The total coseismic throw of 0.52 m recovered in the Matthew and Curly trenches, as value of 

the local graben subsidence, is slightly larger than this value. This supports the hypothesis 

that part of the surface faulting along the synthetic zone is missing or widely distributed and 

was not covered by field surveys. In fact, the near-field GNSS measurement at this location 

also belongs to a single synthetic splay (Wilkinson et al., 2017), while the synthetic fault 

system likely accommodates a much larger subsidence of its whole hangingwall at a broader 

scale.  

Finally, we provide some clues on the age of the trenched fault splays based on 

morphological considerations. We may consider the Mt. Rotondo-Mt. Abuzzago ridge 

bounding to the west the graben area of San Lorenzo basin (Figures 2a and 3) as the 

geomorphic signature of the long-term activity of the antithetic fault running along its slope. 

Then, using the topographic throw of the ridge (ranging between 80 and 120 m) and the 

minimum vertical slip-rate of the antithetic fault obtained from trenching (0.24-0.35 mm/yr), 

we roughly infer a minimum age for the ridge growth of 330-340 kyr. This value would 

suggest a relatively youthful inception of the graben formation, i.e. of the antithetic fault 

activity (Middle Pleistocene age). 

Similarly, for the Hope trench, we also compare our data with the height of the cumulative 

scarp, where it is well preserved and continuous, obtained using serial topographic profiles 

from a high-resolution digital elevation model (Figure 10b). This provides a minimum 

estimate of the total topographic throw accrued by splay VET6, which is about 3.2 m on 

average (the obtained scarp height ranges from 1.5 to 5.2 m). If we use the vertical slip rate 

obtained from trench data (~0.10 mm/yr), in the assumption of constant rate, we infer that 

this fault scarp is likely 32 kyr old. We also note that the total amount of sediment (about 4 

m) trapped by VET6 splay in the Hope trench site as inferred from our ERT model 

(conductive material in Figure 6c), also provides an indirect estimate of the local minimum 

long-term throw, which is consistent with the topographic data. Additionally, assuming a 

constant sedimentation rate (about 0.09 mm/yr, from the position of sample C205 that is 1.8 

m below the ground surface, see Figure 7), the resulting inception age of the damming is 44 

kyr, consistent with the inferred age of the fault scarp. This estimate points to a Late 

Pleistocene formation of the antislope scarp. As for the paleo-throws recognized in the Hope 

trench, the youthfulness of the fault scarp we assign to the southernmost fault trace of the 

system would further support the hypothesis that VET6 is propagating to the south following 

the linkage between the VBFS and the LMFS (see also §4.1). 

Other values of Late Pleistocene-Holocene slip rate for distinct parts of the VBFS (Figure 11) 

have been obtained: 1) from trenching, electrical resistivity tomography investigation and 

topographic levelling across the westernmost SW-dipping splay (minimum 0.11 mm/yr in 

late Holocene, Galadini and Galli, 2003; 0.22±0.07 mm/yr post-23 kyr, Villani and Sapia, 

2017) in the Castelluccio plain; 2) from trenching across the antithetic splay (minimum 0.4 
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mm/yr in the last 30 kyr; Galli et al., 2019); 3) from geomorphological investigation across 

the Mt. Vettore fault (~1 mm/yr in the last 30 kyr; Di Donato et al., 2018; Galli et al., 2019). 

The slip rate evaluations belonging to the same splay of the system are within the same order 

of magnitude and are comparable to those of other active fault systems in the central 

Apennines, which are generally around 0.3-0.4 mm/yr in the Holocene (e.g. Cinti et al., 

2018a; Galadini et al., 2003; Galli et al., 2018; Michetti et al., 1996; Moro et al., 2016; 

Pantosti et al., 1996; Salvi et al., 2003). In order to obtain a value representative for the 

activity of the VBFS, these estimates should be considered within a reference frame 

reconciling both the coseismic slip and the long term deformation. As shown in Figure 11, 

the average trend of the net slip and throw on 30 October 2016 is well reflected in the 

paleoseismologically and geomorphologically derived Late Pleistocene-Holocene rates.  

 

 

 
Fig. 10: a) Comparison between the individual and cumulative coseismic throws recovered in 

the Matthew and Curly trenches (blue circles: 2016 throw; green triangle: cumulative throw 

of paleo-events E1, E2 and E3, 1.37+/-0.8 mm) and the 2016 Norcia earthquake coseismic 

net throw (blue line) and net slip (red line) for the conjugated fault set in the central portion 

of the VBFS (splays POR1, POR2, PRA1 and PRA2) averaged within 100 m-long moving 
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windows and projected onto a common N155°-trending baseline (from Villani et al., 2018b). 

The orange square reports the differential coseismic vertical displacement measured by GPS 

receivers MV01 and MV02 of Wilkinson et al. (2017) during the Norcia earthquake; b) lower 

panel: paleoseismic throw data from the Hope trench (blue circle: assumed value for the 2016 

throw) compared to the coseismic net slip of the 2016 Norcia earthquake along the VET6-

VET7 splays (red line); upper panel: long-term vertical offset obtained from the total throw in 

the trench (green triangle; 1.68±0.1), from topographic profiles (orange squares, with error 

bars shown) and from the inferred low-resistivity sediment infill in the trench site (green 

circle), respectively. 

 

 
Fig. 11: 2016 coseismic surface slip vs. slip rates along the VBFS. The red curve is the net 

surface slip of the Norcia earthquake (Villani et al., 2018b); the blue curve is the net slip of 

the PRA1-PRA2-POR1-POR2 splays, the green curve is the surface slip of the VET6-VET7 

splays, the purple curve is the surface slip within the Castelluccio plain (VET1 in Villani et 

al., 2018b). The symbols of squares and triangles refer to late Pleistocene to late Holocene 

minimum slip rates available in the literature and estimated in this work, respectively (see 

inset). Each of the rate values refer to distinct splays of the system and symbols have the 

same color as the corresponding surface slip curve. Surface slip curves are scaled in order to 

be compared with the slip rates in the same plot. 

 

 

5.0 CONCLUSION 

 

The analysis and integration of paleoseismic datasets acquired so far along the Mt. Vettore-

Mt. Bove fault system, provide an original reconstruction of the Late-Pleistocene-Holocene 

seismic history of the fault system rupturing on 30 October 2016. The datasets include a total 

of nine trenches, three from this work and 6 from previous ones (Galadini and Galli, 2003; 

Galli et al., 2019). Five trenches were opened across the antithetic splays in the central 
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portion of the 2016 surface rupture, three trenches were located within the Castelluccio plain 

along the 2016 secondary synthetic splay, whereas one more was at the southernmost tip of 

the 2016 rupture trace also along a synthetic splay.  

We performed a detailed paleoseismological analysis of the three trenches presented in this 

work by determining the amount of throw and timing for each paleo-event. The occurrence of 

each event was defined by the presence of multiple evidence in each trench. Then, after a 

thorough review of all the pre-existing data we interpreted and correlated events among all 

available trench sites and obtained recurrence interval estimates and Late Pleistocene and 

Holocene slip rates. 

The main findings of this study can be summarized in the following points: 

1. The 2016 surface rupture coincides with mainly normal, high‐ angle dipping, fault planes 

at depth and is directly related to the coseismic movement along these planes. 

2. The integration of the paleoseismic datasets, nowadays available, recognizes a total of 7 

distinct M6.5+, 2016 Norcia-type surface faulting earthquakes in the last ~22 kyr, including 

2016, on the same fault zones and characterized by a similar amount and style of 

deformation. Like in 2016, multiple faults splays ruptured with the same individual event. 

3. The consistency in age and throw of the correlated events at the five trenches (from this 

work and from Galli et al., 2019) along the antithetic splays (PRA1 and PRA2) suggests that 

the NE-dipping fault ruptured the surface in the past earthquakes with comparable extent and 

displacement to that observed in the M6.5, 2016 Norcia earthquake. Despite the lack of 

paleoearthquake data on the main fault trace (Mt. Porche-Mt. Argentella), the consistency of 

the results on the antithetic fault indicates that they are representative for the whole 

deformation zone of the central portion of the system. 

4. The penultimate event that ruptured the VBFS occurred 1760-1440 yrs ago and may well 

correspond to one of the earthquakes that caused coseismic damage recorded in Rome dated 

443 CE or 484/508 CE. This interpretation is in agreement with that in Galli et al. (2019). 

5. The average throw in earlier events along the southernmost synthetic splay is larger than 

that observed in 2016. Although we cannot exclude that the larger values may include throws 

from multiple events that occurred too close in time to be individually recognized. We 

hypothesize that the larger throws of the paleo ruptures at this portion of the Mt. Vettore-Mt. 

Bove fault system possibly reveal the linkage with the southern contiguous fault system, the 

Mt. Laga fault system. Notwithstanding this linkage, the Amatrice and Norcia earthquakes 

did not join in a single larger event and thus different earthquake rupture scenarios should be 

also considered for the local hazard assessment analyses. Paleoseismology holds a large 

potential for defining these alternatives and for implementing segmentation and recurrence 

models.  

6. The average recurrence of surface faulting events is in the range of 3360–3640 yrs during 

the last ~22 kyr. This average interval is longer compared to that of the last ~4 kyr, which is 

1220-1970 years. Assuming that this irregular variation of the earthquake recurrence is due to 

a natural variability, and not to a bias in the data, the probability that Iev is less than 3000 yr 

is ~0.6, with the most likely value close to 2000 yr. 

7. A dip-slip rate of 0.26-0.38 mm/yr is estimated for the antithetic fault in the central portion 

of the VBFS and it is considered a minimum for the master fault at this location, and a dip-

slip value of at least 0.10 mm/yr is obtained for the southernmost portion of the system. 
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Using these values and the morphologic throw of the long-term scarps at the studied fault 

splays, we inferred a youthful inception of the antithetic and secondary synthetic fault scarp 

(Middle-Late Pleistocene). Overall, the paleoseismologically and geomorphologically 

derived Late Pleistocene-Holocene rates of slip well reproduce the trend of the 30 October 

2016 net slip and throw, suggesting that the time window exposed in the trenches can be well 

considered representative for the present fault activity. 

This work from integrated paleoseismic data represents the most complete analysis for the 

study area available so far. Although the reconstructed history suffers from the intrinsic 

uncertainties belonging to any paleoseismological work, well highlighted also by the 2016 

surface faulting sequence (see §2), these results should be seen as a reference point for further 

studies to constrain the intrinsic variability in the range and frequency of earthquake sizes 

caused by the Mt. Vettore-Mt. Bove fault system. 
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