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Abstract The 2016–2017 seismic sequence, in central Italy, was caused by the Mt. Vettore-Mt. Bove active
fault system, which generated three mainshocks, the largest one of Mw 6.6, on 30 October 2016. On 18
January 2017, four Mw 5–5.5 seismic events nucleated on the Campotosto active fault. The fault is
considered as potentially responsible for M ~6.6 seismic events and a seismic gap. The structure also
nucleated a Mw 5.4 aftershock during the 2009 L’Aquila seismic sequence. We here combined new
geological/geomorphological field data, 1945 aerial photographs interpretation, geodetic (Differential
Interferometric Synthetic Aperture Radar and Global Positioning System) data, and local historical seismicity
analysis to determine how much of the Campotosto seismogenic source ruptured during the 2009 and
2016–2017 seismic sequences. The obtained residual seismic moment of the Campotosto seismic gap is in
the range Mw 6.4–6.6 earthquake. Moreover, the review of the regional tectonic setting and evolution
allowed us a brand new and comprehensive reading of the seismotectonics for the region, in terms of both
seismic potential and segmentation of the seismogenic sources, which results strictly connected to the
long-term activity of inherited lithospheric discontinuities, among which the major Ancona-Anzio fault. We
here first highlight that such regional structures strongly influenced the structural setting and
evolution of the surrounding regions, in a progressive and continuous process of tectonic inversions, which
implies that structural heritage must be understood and considered when dealing with seismotectonics
of a given tectonically active region.

1. Introduction

Central Italy has been struck in the last 20 years by three severe seismic sequences, caused by NW-SE striking,
SW dipping, and almost aligned normal faults system, affecting the axis of the Apennine chain: the 1997
Colfiorito-Sellano sequence (mainshocks Mw 6.0 and 5.6) (e.g., Chiaraluce et al., 2003), caused by the activa-
tion of the Colfiorito, Sellano, and Renaro-Mevale faults; the 2009 L’Aquila sequence (mainshock Mw 6.1; e.g.,
Chiarabba et al., 2009; Valoroso et al., 2013), caused by the Paganica fault; and the 2016–2017 sequence (e.g.,
Chiaraluce et al., 2017), partly filling the gap between the 1997 and 2009 events. The three mainshocks of this
sequence—Mw 6.2, on 24 August 2016, Mw 5.9, on 26 October 2016; and Mw 6.6, on 30 October 2016—acti-
vated the Mt. Vettore-Mt. Bove fault system (henceforth MVBF; e.g., Calamita et al., 2000; Figure 1).
Paleoseismological studies performed by Galadini and Galli (2003) anticipated that the MVBF was a seismic
gap, potentially responsible for magnitude ~6.5 earthquakes. Regrettably, the 30 October 2016 event verified
this hypothesis.

In the same study, Galadini and Galli (2003) also analyzed the Laga Mts. normal fault system—located just SE
of the MVBF—and defined it as a seismic gap as well. Quaternary activity of the Laga Mts. fault system was
issued in several studies (e.g., Cacciuni et al., 1995; Galadini & Messina, 2001). In particular, Galadini and
Messina (2001) proposed that the system is made of two aligned but kinematically independent faults (that
is, having different slip history and behavior), the minor Amatrice fault (henceforth AF), which borders the
Amatrice basin, and the major Campotosto fault (henceforth CF), which borders the Campotosto plateau in
the east (Figures 1 and 2). The AF was hypothesized as no more able after the Early Pleistocene to produce
surface faulting earthquakes (i.e., M < 6.0 ± 0.2; Falcucci et al., 2016) in the late Quaternary. Conversely, the
Galadini and Messina (2001) and Galadini and Galli (2003) defined the CF as active and potentially
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responsible for surface rupturing M ~6.6 earthquakes. Consequently, this defined that the AF and CF are
related to different and kinematically independent seismogenic sources.

The 24 August 2016 Mw 6.1 earthquake has been characterized by a complex dislocation pattern. The event
determined two almost synchronous ruptures, separated by a zone of very reduced slip: a larger northern

Figure 1. Seismotectonic map (on 3-D digital terrain model) of the 1997, 2009, and 2016–2017 seismic sequences region
(on digital terrain model). Active fault traces, colored lines (faults with the same color pertain to the same fault system),
mapped following the geological criteria of Falcucci et al. (2016). Faults: CSF = Colfiorito-Sellano fault; NF = Norcia fault;
MVBF = Mt. Vettore-Bove fault system; AF = Amatrice fault; CF = Campotosto fault; CF = Cascia fault; CaF = Capitignano
fault; UAV-PF = Upper Aterno Valley-Paganica fault system; ACIF = Assergi-Campo Imperatore fault system. Olevano-
Antrodoco-Sibillini thrust front (OAST), white dotted line. Ancona-Anzio regional fault (AAF), black dashed line. Beachballs
are the centroid moment tensor solutions (placed at epicenters) of the seismic sequences of 1997 (light green); 2016 (red);
2009, along the CF (orange); and 2009, along the Paganica fault (light blue).
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rupture (corresponding to Mw ~6.0), caused by the southern sector of the MVBF, and a smaller southern
rupture (corresponding to Mw ~5.9) that involved the whole AF (e.g., Cheloni et al., 2017; Chiaraluce et al.,
2017; Falcucci et al., 2016).

During the 2009 and 2016–2017 seismic sequences, the CF nucleated some moderate seismic events (Mw 5–
5.5). In 2009, a small sequence occurred along its southern, deepest portion, with a major event of Mw 5.4 on 9

Figure 2. Detail of the Campotosto and Amatrice areas. The southward cutoff of the aftershock sequence following the 24
August 2016 main shock, yellow arrows. Campotosto artificial lake, shaded light blue zone. Red and orange beach balls are
the centroid moment solution (placed at epicenters) of the 24 August 2016 earthquake and of the 2009 seismic events
along the Campotosto fault, respectively.
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April (e.g., Cheloni et al., 2014). During the 2016–2017 sequence, a swarm of minor aftershocks began to
affect the Campotosto area in December 2016, until the 18 January 2017, when four Mw 5–5.5 seismic events
occurred along the fault (Figure 2).

In the present work, we review the bulk of the available geologic data concerning the recent activity of the
AF and CF and compare them with new morphotectonic observations based on the first analysis of
aerial photographs taken in the area in 1945 and on field evidence. Then, modeling of Differential
Interferometric Synthetic Aperture Radar (DInSAR) and Global Positioning System (GPS) coseismic deforma-
tion data of the January 2017 events is performed. Taking into account geological data and geodetic and
seismological information for the 2009 and 2016–2017 seismic sequences, our goal is to get to a robust
and updated estimation of the maximum seismogenic potential of the CF seismogenic source, to estimate
the seismic moment released during the 2009 and 2016–2017 seismic sequences and, ultimately, to define
its residual seismogenic potential. Moreover, we gather together geological and structural data available for
the area of the Laga Mts. and Mt. Vettore massifs and compare them with the observations made after the
2016–2017 seismic sequence. Our aim is to match different data sets in order to obtain a brand new 4-D
interpretation of the geological evolution and present-day seismotectonic setting of this sector, the
Apennine chain, taking into consideration a time period that is even much longer than the Quaternary.

After general sections where we describe the regional geologic and seismotectonic setting and we review
the available geological knowledge about the Quaternary activity of the Laga Mts. Quaternary faults, the
data acquired are presented as well as the result of the fault dislocation model. In the discussion, we ana-
lyze the geologic evolution of the area since the Mesozoic, with the aim of framing the Laga Mts.
Quaternary faults in the long-term tectonic evolution of the region. The structural framework obtained is
then compared with the bulk of geological, seismological, and geodetic information related to the 2009
and 2016–2017 seismic sequences, aiming at understanding the current structural relationship between
the AF and CF, and between the AF and MVBF. Then, the CF seismogenic source is geometrically and kine-
matically characterized, and the amount of seismic moment still pending on the fault and on other nearby
active faults is proposed. To conclude, the outcomes of the present study, in terms of regional seismotec-
tonics, are summed up.

2. Geological Background
2.1. Regional Seismotectonic Framework

The present structural setting of the central Apennines results from the superposition of Plio-Quaternary tec-
tonic extension on the structural edifice built up by an east and NE migrating compressive front active since
the Oligocene (e.g., Cosentino et al., 2010), which piled up Meso-Cenozoic marine carbonate sequences. The
ongoing 1.5-to-3 mm/year NE-SW trending tectonic extension (e.g., Carafa & Bird, 2016; Devoti et al., 2017;
e.g., Figure 1, inset) is accommodated by chain-parallel normal fault systems striking NW-SE and dipping
southwestward. A vast literature attests Late Pleistocene-Holocene activity of these tectonic structures, con-
sidered as the surface expression of M 6.5–7 earthquake sources (e.g., Boncio, Lavecchia, & Pace, 2004;
Galadini & Galli, 2000). The Fucino, Norcia, and Upper Aterno Valley-Paganica fault systems (UAV-PF) gener-
ated the 1915 earthquake (Mw 7), the 14 January (Mw 6.9) and 2 February (Mw 6.7) shocks of the 1703 seismic
sequence, respectively (Figure 1). Other active fault systems did not activate over the past 800–1,000 years
with large magnitude seismic events. Geologically proven activity of these structures and 1,500- to 2,500-year
mean recurrence interval for fault activation (e.g., Galadini & Galli, 2000) point to these fault systems as dor-
mant seismic sources, that is, seismic gaps. As expressed by the mentioned authors, the definition of seismic
gap in the Italian seismotectonic setting refers to an active major seismogenic fault that did not produce any
major earthquake (M ~6.5–7) at least during the past 800–1,000 years, that is the period for which the Italian
seismic catalogs can be considered as complete for major earthquakes (Stucchi et al., 2004). Hence, the mini-
mum elapsed time since the fault activation equals the mean recurrence interval for central Apennines
faults activation.

Before the 2016–2017 seismic sequence, the major dormant active and seismogenic fault systems in the cen-
tral Apennines were, from north to south, theMVBF, the Laga Mts., the Assergi-Campo Imperatore, the Middle
Aterno Valley-Subequana Valley, and the Mt. Morrone-Sulmona fault systems (Falcucci et al., 2015; Galadini &
Galli, 2000). The MVBF activated during the 2016–2017 seismic sequence, causing among the others the Mw
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6.6 shock on 30 October 2016, the largest in central Italy over the last century (e.g., Cheloni et al., 2017;
Scognamiglio et al., 2018).

2.2. The Laga Mts. Quaternary Faults: The Amatrice and Campotosto Faults

The Laga Mts. are affected on the western flank by extensional faults, for a total length of ~28 km (Figure 2),
striking NW-SE and dipping toward SW (e.g., Boncio, Lavecchia, Milana, et al., 2004; Galadini & Galli, 2000). The
Laga Mts. are made of arenaceous-clayey turbidite sequence of the Miocene Laga foredeep flysch (e.g., Foglio
CARG 349, 2009). Based on geological and geomorphological investigations, Galadini andMessina (2001) and
Galadini and Galli (2003) depicted the AF as ~8-km long and the CF as ~18-km long.

According to the mentioned authors, both of the faults show evidence of Quaternary activity but with sub-
stantial differences. Along the AF, Early Pleistocene continental sedimentary sequence (Cacciuni et al.,
1995) has been maybe displaced by only 20–30 m. Conversely, the CF displaced Late Quaternary erosional
and depositional land surfaces by tens of meters (Galadini & Galli, 2003; Figure 3a). In particular, the latter
fault offset a Late Pleistocene alluvial terrace (aged 33–11 ka) by about 20 m and a terrace formed after
~8 ka by about 4 m (yielding 0.7 to 0.9-mm/year slip rate). The remarkable difference in fault slip rate through
the Quaternary attests that the AF and CF are characterized by completely different behavior.

According to the authors Galadini and Messina (2001), the AF played a role in opening the Amatrice depres-
sion. During the Late Quaternary, fault became either inactive or responsible for very reduced surface slip.
Conversely, Galadini and Galli (2003) paleoseismologically identified two events of activation of the CF over
the past ~8 ka, responsible for ~1-m minimum vertical slip per event (Figure 3b). The lack of upper

Figure 3. (a) Photograph of the main scarp of the CF (marked by the asterisk and white arrows). (b) Reinterpretation of the
northern wall of the trench dug across the CF by Galadini and Galli (2003); major faults, white lines; dragging of Flysch
pebbles owing to fault movements, black dashed lines. (c) Aerial photo taken in 1945 of the Campotosto-Amatrice sector
(provided by the Istituto Geografico Militare Italiano; www.igmi.org; Authorization number: 6985 of the 10 July 2018).
(d) Close-up view of the CF fault zone; major fault scarps, white triangles; synthetic fault strand, already mapped by
geological maps of the area (e.g., Cacciuni et al., 1995; Foglio CARG 1:50,000, 2009), black triangles; trenching site of
Galadini and Galli (2003), black star. (e) Close-up view of the Amatrice basin eastern border; northern termination of the
CF, white triangles. CF = Campotosto fault.
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chronological constraint for the last event prevented from defining the elapsed time since the last activation.
In spite of this, they proposed 800-year minimum elapsed time, based on the lack of large magnitude earth-
quakes (M ~6.5, i.e., consistent with fault surface length) in the Campotosto area in the available seismic cat-
alogs over the considered time span.

The 2009 seismic sequence on the CF enlightened deep fault listric geometry; it reaches about 10 km and flat-
tens onto amechanical/rheological discontinuity (Valoroso et al., 2013). The absence of seismicity in the upper
~5–6 km during the 2009 sequence suggested Bigi et al. (2013) that the deep portion of the structure is not
connected with the fault at surface, being truncated by a supposed plane of the Gran Sasso inactive thrust
system. This structure would represent a shallow decollement for the upper part of the CF. The quite unclear
interpreted commercial seismic line, the geometrical consistence between the fault trace, and the plausible
updip prolongation of the deep 2009 seismicity make the Bigi et al.’s (2013) hypothesis not fully convincing.
In this perspective, the January 2017 seismic events on the CF provide further issues shown afterward.

3. New Data From the Amatrice and Campotosto Faults
3.1. Morphotectonic Observations Along the Amatrice and Campotosto Fault Zones

We first analyzed a set of aerial photographs taken in 1945 (provided by Istituto Geografico Militare of Italy),
shortly after the realization of the Rio Fucino concrete dam of the Campotosto artificial lake. The photographs
show the artificial lake when it has not reached yet the present extent (Figure 3c). The advantage of analyzing
such old but high-resolution photos is that vegetation and anthropogenic modifications of the area sur-
rounding the lake were much lesser than in the last decades. This allows a straightforward view of the fault
zone, which no modern high-resolution digital 3-D model of the present landscape can provide.

Aerial photos show a very continuous major scarp associated to the CF at the base of the Laga Mts. From
south to north, it can be traced from a few kilometers SE of Ortolano village to about 1-km NE of Voceto vil-
lage, at the southeastern sector of the Amatrice basin. This depicts fault trace 2–3 km longer nortwestward
than in Galadini and Galli (2003). Minor scarps and lineaments, associated to synthetic fault splays, are also
visible (Figure 3d). Moreover, land surfaces are seen in the fault footwall, suspended over the Campotosto
plateau. Northwest of Voceto, instead, the evident fault scarp abruptly fades entering the Amatrice basin.
The Laga Mts. SW slope becomes very irregular. No rectilinear and evident fault scarp is seen all along the
eastern margin of the Amatrice basin (Figure 3e).

Therefore, the aerial photo analysis permits to distinguish two sectors of the Laga Mts. normal fault zone,
showing different geomorphic characteristics: the southern sector, related to the CF, where the main and sec-
ondary fault scarps are evident at the base of the slope; and the northern sector, in the Amatrice basin, where
this morphotectonic features disappear.

Some nontrivial aspects are considered.

1. The Laga Mts. slope in both of the Campotosto and Amatrice areas is made of the same arenaceous-clayey
bedrock of the Laga flysch; Quaternary continental sedimentary sequences similar by lithology, type, and
cementation degree occur in both sectors in the fault hanging wall. Hence, the different morphotectonic
signature of the two fault zones cannot be attributed to different erodibility across the fault traces.

2. Neither active nor ancient streams/rivers run parallel at the base of the LagaMts. slopes, whichmight have
altered the morphotectonic evidence of the AF scarp.

3. The geomechanical behavior of the Laga flysch did not hinder formation and preservation of the evident
rectilinear fault scarps of the CF, for instance, by absorbing plastically fault offsets over time, as one could
say by considering the clayey component of the bedrock. Instead, even secondary fault scarps are clearly
detectable along the CF shear zone, as shown by Galadini and Messina (2001) and corroborated by our
aerial photographs interpretation (Figure 3d).

As a result, the different morphotectonic evidence of the AF and CF necessarily reflects different and inde-
pendent slip behavior of the two faults in recent times.

3.2. Structural and Seismotectonic Clues From the 24 August 2016 Amatrice Earthquake

The analysis of the Mw 6.2 24 August 2016 Amatrice earthquake and related aftershock sequence provides
further evidence that foster our geological and morphotectonic observations.
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As mentioned above, seismological and geodetic data showed that the earthquake ruptured two distinct
asperities (e.g., Cheloni et al., 2017; Chiaraluce et al., 2017; Lavecchia et al., 2016; Tinti et al., 2016), one corre-
sponding to the southern sector of the MVBF and one to the AFs (Figure 2). In the aftermath of the event, field
surveys in the epicentral area (e.g., EMERGEO Working Group, 2016) revealed about 5-km long and continu-
ous surface rupture along the southern portion of the MVBF. Conversely, we did not survey any clear
evidence of surface faulting along the AF zone, but just a few meters-long ground fissures parallel to the
Laga Mts. slope, resulting from seismically triggered gravitational movements or ground fissuring. Hence,
rupture of the AF did not produce surface faulting, confirming our morphotectonic observations and the
Galadini and Galli’s (2003) hypothesis.

Moreover, the aftershocks that followed the 24 August 2016 earthquake (Chiaraluce et al., 2017) clearly dis-
tributed around the main ruptures, but they abruptly interrupted southward, describing a roughly NNE-SSW
trending seismicity cutoff (Figure 2). Noteworthy, this coincided with the geologically defined limit between
the AF and CF, thus corroborating structural separation and kinematic independence of the two structures.

3.3. Fault Dislocation Modeling of the 18 January 2017 Seismic Events by DInSAR and CGPS Data

Ground displacement caused by the four Mw 5–5.5 18 January 2017 earthquakes in the Campotosto area was
imaged from the new European Space Agency Synthetic Aperture Radar mission, Sentinel-1 (henceforth S1).
A first interferogram generated soon after the events, although showing deformation pattern of more than
three fringes, appears quite noisy due to huge snow cover fell in that period (Figure 4a). The coherence loss
(especially in the Campotosto artificial lake area) does not allow an easy phase unwrapping, thus hampering
reliable estimate of maximum displacement.

Therefore, we computed a large number of new interferograms by the numerous images acquired by the S1
mission, aiming at better imaging the deformation field induced by the January 2017 events. Thanks to the
twin platform Sentinel-1A and Sentinel-1B, a continuous monitoring has been done, allowing us to use 24
images, in Terrain Observation with Progressive Scans Sar (TOPSAR) mode, acquired between 13
December 2016 and 30 April 2017, every 6 days. The images were captured on ascending orbit (on relative
orbit number 117). We then calculated 107 coseismic interferograms, generated applying a multilook factors
of 20 × 4 pixels in range and azimuth, respectively, and then filtered by applying Goldstein filters. We selected
the three more coherent interferograms. The interferograms were unwrapped and geocoded to obtain the
deformation maps. Figures 4b–4d show the resulting wrapped (i.e., module 2π) interferograms, related to
the three image pairs 13 December 2016-11 February 2017, 13 December 2017-25 March 2017, and 25
December 2016-17 February 2017, respectively. The interferograms are consistent with each other, with
the same three distinct fringes pattern, which define a movement away from the satellite clearly localized
NW of the Campotosto artificial lake.

The corresponding deformation maps are in very good agreement with one another and show more than
8-cm peak negative displacement along the satellite line of sight (43.8° off nadir). We can state that the
observed deformation can be ascribed to only the 18 January 2017 four main shocks, and the induced
displacement of the following minor aftershocks (Gruppo di Lavoro INGV, 2017) is negligible.

We also estimated the January 2017 events GPS coseismic displacement, as offsets in the time series of per-
manent GPS stations in the area. Daily GPS data at 30-s sampling rate were processed by Bernese software
using the approach described by Devoti et al. (2011).

Due to the sparsity of Continuous GPS (CGPS) stations in the near field, only few stations recorded significant
coseismic displacements; we thus only take into consideration horizontal CGPS offsets, as we derive robust
vertical component by DInSAR data. Thus, spatially good 3-D coseismic displacement is obtained.

We employed the DInSAR deformation field and the horizontal CGPS offsets to image the distribution of
coseismic slip on the fault plane by means of a joint linear inversion. In particular, we used the DInSAR
displacement related to the third new interferogram showed in Figure 4d, which is the most coherent among
the three we calculated. It is worth noticing that the Sentinel-1 data acquired along the descending path were
not coherent and resulted very noisy, probably because the images are taken during night passes, whenhigher
moisture content, or freezing during the winter period affects the phase coherence. Therefore, we decided
to exclude these data from the seismic source retrieval and rely the inversion on GPS for better constraining
the horizontal component of the deformation. The results of our model are shown in Figures 5a to 5e.
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The geometry of the fault plane has been fixed on the basis of a priori geological constraints (Boncio,
Lavecchia, Milana, et al., 2004; Galadini & Galli, 2003), geodetic dislocation model of the 2009 rupture on
the CF (Cheloni et al., 2014), and seismological data related to the 2009 seismic sequence (Valoroso
et al., 2013).

The slip distribution has been obtained by discretizing the source plane into 1 × 1 km2 square patches and
computing for each patch—according to the analytical expressions by Okada (1992)—the expected
deformation field on the satellite line-of-sight direction and the CGPS expected horizontal deformation at
the CGPS sites, assuming a unitary slip on each patch. For computational reasons, the DInSAR data set has
been downsampled, resulting in about 10% of the original pixels. The best fitting slip distribution has been
obtained by minimizing, in the least squares sense, the misfit between predicted and observed

Figure 4. (a) First interferograms released soon after the 18 January 2017 earthquakes; the noisy interferograms was
obtained from the image pair of S1 acquired on 12 January 2017 and 24 January 2017. The three best wrapped interfer-
ograms: (b) 13 December 2016-11 February 2017 interferometric pair; (c) 13 December 2017-25March 2017 interferometric
pair; (d) 25 December 2016-17 February 2017 interferometric pair. Each fringe refers to about 2.8 cm of deformation.
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deformations. The rake angle for each patch is constrained, imposing a variability range for the rake angle
between �45° and �135° by assuming a nonnegativity constrain on the inversion.

To avoid unphysical oscillations in the slip distribution, we minimized also a discrete approximation of the
Laplacian operator. The amplitude of the smoothing term has been calibrated by analyzing the solution
roughness as a function of the model residuals, as shown in Figure S1 in the supporting information.

While the fault position and strike direction is well constrained by seismological and geological evidence, and
the effective slip area is easily obtained through the linear inversion process, the dip angle cannot be robustly
obtained by a priori information. For this reason, we conducted a direct search of the best fitting dip angle by
comparing the model root-mean-square (RMS) of residuals as a function of the dip, keeping constant the top
edge of the fault. The result of this analysis is shown in Figure 6. RMS residuals for CGPS and DInSAR data are
minimized for dip angles of 47.5° and 48.0°, respectively; the global minimum RMS is obtained for a dip angle
of 48.0°, which is the value we assumed in the rest of the inversion. The best fitting slip distribution is shown

Figure 5. (a) Observed ground deformation from InSAR (unwrapped interferograms). (b) Fault dislocation model (plotted
on a digital terrain model) of the 18 January 2017 events (yellow stars) on the CF (see text for detail); colors mark the dis-
tribution and amount of slip on the fault modeled, and arrows on the slip patches indicate the rake of the rupture. (c)
Modeled dislocation model derived from DInSAR data. (d) Residuals of the modeled dislocation; as can be seen, negligible
residuals between the observed deformation and the modeled plane dislocation appear. (e) Coseismic CGPS offset related
to the 18 January 2017 events; dashed rectangle, modeled fault plane; errors of the GPS coseismic offsets, black ellipses.
CF = Campotosto fault; InSAR = Interferometric Synthetic Aperture Radar; DInSAR = Differential Interferometric Synthetic
Aperture Radar; GPS = Global Positioning System.
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in Figure 5. Highest slip values are located in an about 5 × 5-km2 region,
spanning 3- to 9-km depth, with a peak slip of about 0.58 m. Assuming
a crustal rigidity of 30 GPa, the cumulative seismic moment of the
source is M0 = 9.85 × 1017 Nm, corresponding to a geodetic magnitude
M 5.96. We compare modeled and observed DInSAR (Figures 5a, 5c,
and 5d) and CGPS (Figure 5e) deformation fields; in both cases the
model is able to reproduce all of the features.

Imaging the slip distribution on the fault plane is subject to resolution
limits due both to data coverage and to the physics of elastic deforma-
tion. To assess these limits, we conducted a resolution test by imposing
a checkerboard slip pattern on the fault plane, using it to compute syn-
thetic deformations and feeding these deformation fields to the inver-
sion process in order to recover the original slip distribution. The results
are shown in Figure S2 for checkerboard steps of 2, 4, and 6 km.
According to the well-known insensitivity of coseismic inverse model
to slip details at depth (e.g., Hernandez et al., 1999), we observe a better
resolution for shallow patches; for a checkerboard size of 6 × 6 km2 we
get a satisfactory resolution on all the fault plane. In this view, we can
conclude that the size of the high-slip patch seen in Figure 5b corre-
sponds to the resolving power of our model.

To further assess the robustness of our model, we conducted a boot-
strap analysis. A total of 5,000 synthetic data sets have been generated,

by superimposing to the original DInSAR and CGPS deformations a realization of random Gaussian noise, and
for each synthetic data set we obtained a slip distribution model with the procedure described above. The
average slip distribution and its standard deviation are shown in Figure S3. The average model is coherent
with the best fitting model shown in Figure 5b, while the standard deviation increases with depth to a max-
imum of about 20 cm. For each bootstrap model we computed also an estimate of the seismic moment; the
resulting distribution is shown in Figure S4 and it is well fitted by a Gaussian distribution with
M0 = (9.69 ± 1.43) × 1017 Nm, corresponding to a geodetic magnitudeM = 5.96 ± 0.04. Our best fitting model
is perfectly consistent with these confidence intervals, since the difference between the best fitting estimate
of the seismic moment and the average model is about 0.1 standard deviations.

The reliability of our model is given by the fact that it matches a number of independent data sets and obser-
vations, that is, geological, geomorphological, seismological, and geodetic. Indeed, the presence of the CF is
testified by geological observations made along the fault trace, which show displacement of deposits span-
ning several thousand years; morphotectonic evidence, as the major and secondary fault scarps are clearly
visible despite they are carved onto the highly erodible flysch clayey-arenaceous sequence; paleoseismolo-
gical investigations that testify to some fault surface rupturing events in the Holocene; seismological data,
with seismicity clearly enlightening a fault plane down to about 10–12 km; and reflection seismic profiles that
show a fault plane at depth whose location matches the probable prolongation to the surface of the fault.

3.4. Interseismic Strain Rate From CGPS Data

As described by Barani et al. (2017), the sector between the 2009 and 2016–2017 seismic sequences has been
characterized by high geodetic extension rate, and it underwent increase of static stress after the 2009 main-
shock (e.g., Falcucci et al., 2011; Walters et al., 2009).

In order to take a closer look at the Campotosto area, we analyzed in detail the Mediterranean combined GPS
velocity field (Devoti et al., 2017). Figures 7a and 7b show the horizontal CGPS velocity field in the considered
area and a selected profile (line A-A0, Figure 7a) perpendicular to the direction of themaximum extension rate
(e.g., Riguzzi et al., 2012), respectively, expressed in an ad hoc Adriatic coast fixed reference frame
(Figure 7b, inset).

Despite sparse site distribution, the velocity profile shows a high velocity gradient in the region affected by
the fault systems UAV-PF, Capitignano fault (CaF), and CF, confirming high geodetic strain rate in the region.
In particular, most of the total extension rate locates in between these active faults.

Figure 6. Normalized root-mean-squares of residuals (RMS) as a function of the
assumed plane dip angle. Blue and red curves show RMS for the DInSAR and
GPS data sets, respectively. The normalization factor is the minimum RMS value
in the considered range. DInSAR = Differential Interferometric Synthetic
Aperture Radar; GPS = Global Positioning System.
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4. Discussion
4.1. The Campotosto, Amatrice, and Mt. Vettore-Bove Seismogenic Sources in the Regional Tectonic
Framework: New Interpretation of the Role of Inherited Lithospheric Discontinuities

The review of the available literature regarding the structural and tectonic evolution of the region allows to
make inferences on the slip history of and relationship between the AF and CF and with the MVBF systems,
and on how this history reflects on the current seismotectonic framework.

The geological and morphotectonic evidence confirms that the AF and CF are two structurally and kinema-
tically independent seismogenic sources. The southward high angle abrupt end of the aftershock sequence
of the 24 August 2016 shock (Figure 2) coincides with the geologically inferred boundary between the two
structures. We hypothesize that this limit can be represented by a high angle, ~NNE-SSW striking structural
feature that separates the two faults. We base this hypothesis basis on the observation that in other sectors
of the central Apennines adjacent, aligned seismogenic sources are separated one another by high angle

Figure 7. Interseismic velocity field derived from GNSS time series, with respect to an Adriatic coast-fixed reference frame
(see inset for sites used for the definition of the reference frame), in the area affected by the 2016–2017 seismic sequence.
The lower panel depicts projection of velocity along the profile A-A0; the significant step in the velocity projection in the
area affected by the 2016–2017 seismic sequence is evident in the region between MTER-MTRA and AMAT sites.
CSF = Colfiorito-Sellano fault; NF = Norcia fault; MVBF = Mt. Vettore-Bove fault system; AF = Amatrice fault;
CF = Campotosto fault; CF = Cascia fault; CaF = Capitignano fault; UAV-PF = Upper Aterno Valley-Paganica fault system;
ACIF = Assergi-Campo Imperatore fault system

10.1029/2017TC004844Tectonics

FALCUCCI ET AL. 11



chain-crossing faults, inherited by preceding tectonic phases (e.g., Gori et al., 2017; Pizzi & Galadini, 2009).
Moreover, this structural boundary between the AF and CF roughly aligns to the SE with the northern border
of the Capitignano basin, which is bordered by a NE-SW shear zone (Cacciuni et al., 1995) against which the
CaF ends.

Also the northwestern limit of the AF seems to coincide with another NNE-SSW striking tectonic structure,
that is, the out-of-sequence thrust front known as Olevano-Antrodoco-Sibillini thrust front (hereafter OAST;
Figure 1), active during the Early Pliocene (e.g., Cosentino et al., 2010). However, the regional structural set-
ting and evolution described in the literature suggest that this structural evidence is actually much more
complex, and the separation between the AF and the MVBF roots more deeply in the crust and more back
in time.

Indeed, according to the literature, the OAST results from the positive inversion of NNE-SSW striking regional
lithospheric discontinuity, known as Ancona-Anzio fault (henceforth AAF) (e.g., Castellarin et al., 1978; Di
Domenica et al., 2012, 2014; Pizzi & Galadini, 2009; Tavarnelli et al., 2004).

The AAF is a high angle, regional tectonic structure that experienced a long and complex kinematic history
and represents a lithospheric discontinuity that accommodated different subduction velocities (Castellarin
et al., 1978). The presence of a chain-crossing deep crustal structure (15 to 25-km depth) is also corroborated
by a NNE-SSW alignment of small earthquakes having dextral strike-slip fault plane solution (De Luca et al.,
2009) occurred at the northern portion of the AAF and by seismic tomographic analyses (Chiarabba et al.,
2010), which depict a subvertical lateral contrast in the VP and VP/VS model in the upper and lower
crust in the area of the AAF (see section 1 in Figure 6 of the mentioned work). The role of the AAF in the
current regional tectonic deformation is corroborated by the different CGPS velocity across it, which, as
highlighted by Devoti et al. (2011), may relate to the complex lithosphere structure beneath the
Apennine subduction zone.

The AAF formed during Lias as a roughly NNE-SSW striking and W dipping extensional or transtensional fault,
which separated two different paleogeographic domains (Figure 8a; e.g., Castellarin et al., 1978; Di Domenica
et al., 2012; Tavarnelli et al., 2004). In the Tortonian-Messinian, the fault underwent prevalently strike-slip
motion (Figures 8b and 8c). In the early Pliocene, the structure has been inverted as transpressive structure,
the OAST phase (Figure 8d). This resulted in a superficial low-angle inverse structure that gets abruptly stee-
per (i.e., ~40–50°) at higher depths (>2 km).

Castellarin et al. (1978) and Tavarnelli et al. (2004) proposed that the MVBF nucleated during the Miocene
strike-slip tectonic phase of the AAF, as a high angle, ~NW-SE striking extensional structure that branched
off the AAF. According to Di Domenica et al. (2012), the MVBF formed even before, during the Mesozoic as
extensional fault, related to AAF. In both cases, therefore, the MVBF formed even before the Pliocene com-
pressive tectonic phase.

Given the geometrical and structural relation between the MVBF and the AAF—that is, the bent geometry of
the southern tip of the MVBF, which anastomoses on the AAF (Pizzi & Galadini, 2009)—we lean for the former
hypothesis, and we propose that the MVBF originated as synthetic shear plane that branched off the AAF dur-
ing its strike-slip phase (Figure 8b, inset).

According to Tavarnelli et al. (2004), during the early Pliocene compressive tectonic phases, both the AAF and
the NW-SE structures—that is the ancient MVBF—have been positively inverted, maintaining the relatively
high angle planes. This is highly consistent with analogic and numerical inversion models of extensional
faults (Figure 8e; e.g., Buiter & Pfiffner, 2003; Eisenstadt & Withjack, 1995; McClay, 1995). Hence, according
to this structural evolution, the OAST has a low-angle attitude just in its superficial portion (first 2-km depth).
Figure 8f shows the last phase of structural evolution, where the Quaternary and currently active MVBF rein-
verted (negative inversion) the inherited compressive structure, cutting off the shallow part of the OAST.

This scenario is supported by the post-24 August 2016 aftershock sequence (Chiaraluce et al., 2017), which
showed the presence of a low-angle seismostructural feature in the footwall of the MVBF, coinciding with
shallow part of OAST cut by the active MVBF. On the contrary, no low-angle (≤40°) structure seismically
appears in the MVBF hanging wall at greater depths. Moreover, geodetic and seismological observations
and models made after the 2016 mainshocks (Cheloni et al., 2017) geometrically fit the result of positive
and then negative inversion models of high-angle faults (Figures 8e1 to 7e4).
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Our model is not in agreement with the model proposed by Pizzi et al. (2017), which has the following deba-
table points: (1) the dislocation model proposed by the authors, based on strong-motion data, is not coherent
with that defined by Cheloni et al. (2017), based on combined coseismic GPS and DInSAR data. The Cheloni
et al.’s model clearly shows that the 30 October 2017 mainshock rupture did not propagate to the Accumoli-
Amatrice area. (2) The upper fault splay (named as Cordone del Vettore) and the intermediate fault splay that
affect the Mt. Vettore SW slope—both showing surface faulting after the 30 October event (Civico et al., 2018;
Galadini et al., 2017; Villani et al., 2018)—are parallel to each other and not en echelon arranged, and they are
spaced less than 0.5 km. This does not allow to consider these splays as the surface expression of separated
seismogenic sources (e.g., Wesnousky, 2006). (3) The rupture of the 30 October event is shown by Pizzi et al.
as cutting the supposed thrust plane that, instead, the authors themselves hypothesize to limit the ruptured
fault toward the south.

The possible presence and coseismic activation of a low-angle fault plane, inherited by the compressive
tectonic phase, is also proposed by Scognamiglio et al. (2018), based on the inversion model of strong-
motion data and GPS coseismic offsets related to the 30 October 2016 event.

However, no direct evidence of the presence of this structure are shown but only a supposed seismostruc-
ture enlightened by the aftershock sequence in an along-fault strike section across the relocated seismicity of
Chiaraluce et al. (2017). Within this light, it must be noted that sections of the seismicity made across the
supposed oblique low-angle structure (see Figure 3 of Chiaraluce et al., 2017) should show subhorizontal

Figure 8. Reconstruction of the geological and structural evolution of the Ancona-Anzio fault and related tectonic struc-
tures. See text for detail. (e1-to-e3) Positive-to-negative tectonic inversion of an extensional structure (redrawn after
Eisenstadt &Withjack, 1995, and Buiter & Pfiffner, 2003), we hypothesized for the Mt. Vettore-Mt. Bove fault. (e4) Dislocation
model of the 24 August 2016 event (Cheloni et al., 2017) and the following aftershock sequence (red and blue dots). Note
the evident comparison with the modeled structural setting of e3, after twofold (positive and negative) inversion.
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clusters of aftershocks at increasing depth going from the SE to the NW, thus describing the downdip
geometry of the supposed thrust. Instead, these sections do not show any evidence of this. Moreover, no
geological information (even that used by Scognamiglio et al., 2018, to draw their geological profiles) and
no geophysical data on the geometric characteristics and extent at depth of this supposed structure are
available; in this terms, the deep geometry of the OAST cannot be extrapolated by only considering its sur-
face geometric characteristics, that is, by simply prolonging downward (toward the NE) the low-angle plane
at the surface.

Hence, the presence of such a low-angle structure and its relation with the seismogenic normal faults of the
region as proposed by Pizzi et al. (2017) and Scognamiglio et al. (2018) appears in our opinion questionable.
Following the model proposed by Castellarin et al. (1978) and Tavarnelli et al. (2004), we interpret the faults
affecting the Laga Mts. southwestern slope as other inherited faults synthetic to and branched from the
AAF, characterized by significant pre-Quaternary kinematic history. In particular, as for the AF, the ~165°
strike of the southern rupture of the 24 August 2016 event (Cheloni et al., 2017) depicts a fault plane that,
comparable to the MVBF, seems to branch off the AAF.

The NNW-SSE strike of the AF also fits the reduction of fault activity during the Quaternary. This fact, indeed,
has been postulated by Galadini and Messina (2001) on the basis of the aforementioned geological evi-
dence and related by the authors to the counterclockwise rotation of the main extensional stress axis,
occurred at the Early-Middle Pleistocene transition (from ~NE-SW trending to ~NNE-SSW trending).
According to Galadini and Messina (2001), owing to this rotation in the regional stress, the AF may have
become less geometrically suited to accommodate a large amount of extension after this period, that is,
being much more parallel to the new maximum extensional stress axis.

Hence, the AAF represents the regional structure that has played the major role in influencing the structural
setting of the region, onto which different tectonic phases superposed, and that conditioned the Quaternary
faults arrangement and seismogenic source segmentation. The seismostructural limit between AF and CF can
be a secondary high-angle structural feature associated to the AAF.

The foregoing allows us to assume robust constraints for dimensioning the seismic source associated to the
CF, described in the following.

4.2. Defining the Geometry of the Campotosto Seismogenic Source and Its Seismic Potential

We define the geometrical characteristics of the Campotosto seismogenic source (Figure 9.), following the
method described here.

The surface expression of the CF is ~20-km long, as it extends from the southeastern sector of the Amatrice
basin, to the NW, to the northern Gran Sasso Range slope. Here according to Pizzi and Galadini (2009), a
regional, roughly E-W striking structural barrier separates the CF from the Assergi-Campo Imperatore fault
system (ACIF), probably coinciding with another tectonic structure formed contemporaneously to the AAF
(Castellarin et al., 1978).

At depth, the 2009 and 2017 seismic sequences show that the CF cuts down to ~10-km depth, listric in its
deepest portion. The January 2017 sequence shows no evidence of the 5-km deep decollement hypothe-
sized by Bigi et al. (2013), as the fault dislocation caused by the four major events cuts from 3- to 9-km
depth unhindered across the supposed thrust plane.

As for fault dip angle, we assume ~45° plausible mean value, supported by the fit of our January 2017
events fault model. Accordingly, the relocated aftershocks of the 2009 seismic sequence (Valoroso et al.,
2013) show that dip varies from 55°–60° in the upper kilometers to about 20°–25° at depth. This defines
~14-km fault width (i.e., downdip fault length), which is a conservative estimation as the CF listric geometry
would inherently imply a little higher value.

Then, basing on the regression of Wells and Coppersmith (1994), we can define the along strike
extent of Campotosto seismogenic source. Importantly, as outlined by Wells and Coppersmith (1994),
the length of a ruptured fault is longer at depth than at surface. Therefore, we take advantage of the
following two regressions that link the Maximum Expected Magnitude (hereafter M) of an earthquake
generated by a given fault with the surface fault length (SRL) and with the fault rupture at depth (RLD),
respectively:
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M ¼ a
0 þ b

0�Log SRLð Þ (1)

M ¼ a″ þ b″�Log RLDð Þ (2)

where a0, b0, a″, and b″ are known coefficients that vary by fault kinematics (for the values, see Wells &
Coppersmith, 1994). By crossing equations (1) and (2), we derive that the 20-km long at surface CF can reach
roughly 28-km length at depth. Then, we can assume 24-km fault mean length that, multiplied by 14-km seis-
mogenic source width, gives 340-km2 plausible rupture area (RA).

By applying equation (1), the M of the CF is 6.5–6.6. Alternatively, by applying the Wells and Coppersmith’s
(1994) regression linking the M with the RA, we obtain the comparable value of 6.5. Magnitude 6.5–6.6
corresponds to seismic moment 6.3 × 1018–9.0 × 1018 Nm. This will be used in the following section 4.5.

We must underline that the defined magnitude refers to the activation of the sole CF. We do not rule out that
failure of this seismogenic source may dynamically trigger ruptures on nearby faults.

On the other hand, we highlight that geological record of the Quaternary activity permits to take into consid-
eration the geological effects of hundreds of seismic cycles on the considered faults. In these terms, the geo-
logical evidence describes, on the one hand, the CF that displaced for some tens of meters deposits spanning
a few tens of thousands years and, on the other hand, the AF, along which deposits aged at the Early
Pleistocene (i.e., on the order of a million years or more in age) was displaced (if they really have been) by
only ~20 m. This means that the Quaternary activity of the two faults is totally different, even though they
are close and aligned to one another. Hence, rupture of the two faults together as a single seismogenic
source did not leave any geological traces, and thus, this process has to be considered not statistically repre-
sentative of the seismogenic behavior of the two structures. Otherwise, one would expect to find traces on
the geological record of this, resulting from hundreds of seismic cycles.

Ultimately, the foregoing implies that neotectonic studies, aimed at defining the Quaternary geological
history of the considered faults, enable to distinguish two discrete seismogenic structures, which the sole

Figure 9. Three-dimensional scheme of the CF seismogenic source. Curved geometry of the fault plane derives from the
seismicity (black dots) on the CF during the 2009 seismic sequence (inset). The projection of the coseismic slip onto the
listric geometry of the Campotosto fault is for illustrative purpose only. The model was performed using the planar
geometry shown in the cross section. CF = Campotosto fault.
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structural continuity cannot. This has twofold implication: (1) Quaternary geological data permit assessments
on fault segmentation and, consequently, evaluation of the seismic potential associated to a given fault
before an earthquake occurs; (2) even if two contiguous but kinematically independent faults (such as the
CF and AF) can nucleate two contemporaneous earthquakes because of dynamic triggering, the overall
released magnitude would not be the magnitude of a large single earthquake nucleated by a single long
fault, but it would be the sum of the magnitudes of two smaller earthquakes originated on the two faults,
in this case 8- and 20-km long (at surface), respectively. That is, each seismogenic fault would release a seis-
mic moment related to its own size and not related to the size of a single large fault.

For instance, taking into consideration the Wells and Coppersmith’s (1994) regressions, an 8-km-long normal
fault (like the Amatrice fault) would generate aM ~6.0 seismic event whereas a 20-km-long normal fault (like
the CF) would generate aM ~6.6 seismic event. By summing up these values—in terms of seismic moment—
it would be an overall released magnitude slightly larger than ~6.6. Conversely, a single 28-km-long normal
fault would nucleate a much larger earthquake, of M ~6.8, as magnitude scales logarithmically with the
rupture length or area.

The above considerations are by no means trivial since they have implications in terms of assessment of the
maximum magnitudes expected in a given region.

4.3. Reviewing the Historical Seismicity of the Laga Mts. Region

The 7 October 1639 earthquake (M 6.2; Castelli et al., 2016, and references therein) is the strongest known
local seismic event that struck the Laga Mts. region over the past centuries. The current knowledge on this
event, resulting from just one written source drawn in Rome by a writer who collected oral reports from
the epicentral area, indicates that it represented the mainshock of a sequence characterized by further dama-
ging events (i.e., 14 and 17 October). Intensity I 10 (Mercalli-Cancani-Sieberg scale, MCS) is attributed to one
locality, and I 9 MCS is attributed to Amatrice. Very poor information are known about the damage in the
surrounding villages.

The effect on Amatrice and the magnitude hypothesized for the 1639 earthquake may suggest comparison
with the 24 August 2016 at first. Nonetheless, the 1639 event damage was mostly localized in the Amatrice
area, where many historical buildings within the city did not suffer damage. Furthermore, the 1639 event
produced no significant damage in Norcia and surrounding areas, whereas the 24 August 2016 shock deter-
mined damage north of the Amatrice basin (e.g., QUEST Working Group, 2016).

Therefore, the magnitude associated to the 1639 event is likely overestimated, owing to excessive emphasis
on damage descriptions in the single available historical source and to the sum of the damage due to at least
three damaging events. More probably, in agreement with Galli et al. (2016), the 1639 earthquake can be
compared to just the southern rupture patch of the 24 August 2016 event, associated to the AFs, which
released equivalent Mw 5.9.

In 1646, another moderate seismic event (M 5.9) struck mostly the northern Amatrice basin. Like the 1639
event, this earthquake is related to the Amatrice area.

Another worth mentioning event occurred on 1950 (M 5.7). The maximum intensity, I 8 MCS, was assigned to
14 localities among which Accumoli, Capricchia (close to Amatrice), Mascioni, and Poggio Cancelli (close to
Campotosto). Amatrice suffered I 7 MCS. Modeling of the seismogenic fault based on the damage distribution
suggests an E-W striking source located in between the Laga Mts. and the Gran Sasso Range (DISS Working
Group, 2015), not relatable to known tectonic structures of the region (Tertulliani et al., 2006). It may be a
blind fault, perhaps associated with a geologic structure deeper than the chain-parallel Apennine active
normal faults.

Hence, no known large magnitude historical seismic event can be related to CF.

4.4. Residual Maximum Seismic Moment on the Campotosto Seismogenic Source After the 2009 and
2016–2017 Seismic Sequences

According to Cheloni et al. (2014), in 2009 the CF released 3.17 × 1017 Nm seismic moment, as coseismic and
postseismic deformation, that corresponds to Mw 5.64. Our fault dislocation model for 18 January 2017 four
major events yields released seismic moment of 9.85 × 1017 Nm. Overall, the 2009 and 2017 events on the CF

10.1029/2017TC004844Tectonics

FALCUCCI ET AL. 16



released 1.30 × 1018 Nm, which corresponds to Mw 6.04. Paleoseismological analyses made on the CF and on
the other active fault of the region testify to just sudden dislocation events of these structures; no evidence of
continuous, slow deformation features has been found (see McCalpin, 2009 on this issue). Therefore, no
significant aseismic creep on the CF is expected and, consequently, the high interseismic strain rate of the
region (section 3.4) is mostly accommodated seismically.

By subtracting Mw 6.04 from Mw 6.5–6.6 (i.e., 6.3 × 1018 � 9.0 × 1018 Nm), the credible residual seismic
moment still stored by the Campotosto seismogenic source is in the range 5.0 × 1018–7.6 × 1018 Nm, corre-
sponding to Mw 6.43–6.55

Figure 10. Seismogenic sources associated to the active faults of the region (as defined by Falcucci et al., 2016), colored
rectangles. Each color refers to an individual source. Coseismic slip on each seismogenic source since the 2009 seismic
sequence (Cheloni et al., 2014, 2017) is marked by colored patches and contours, as well as the coseismic dislocation on the
CF related to the January 2017 events, modeled in this work. For the fault traces see Figure 1. CF = Campotosto fault.
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To test the robustness of the adopted approach, we take an a posteriori look at the MVBF. We consider 27-km
overall fault surface length (Calamita et al., 2000; Falcucci et al., 2016) and 14-km mean fault width. The latter
derives by considering 45° mean dip angle and 10-km seismogenic crustal thickness, that is, values compar-
able to those seismologically defined for the active faults of the region (e.g., Chiaraluce et al., 2017; Valoroso
et al., 2013), and coherent with the 2016 main shocks (Cheloni et al., 2017).

Then, following the procedure described in section 4.2, the mean length of the Mt. Vettore-Mt. Bove seismo-
genic source is 31–5 km, which yields ~440-km2 total RA. By equation (1) we defineM ~6.7, whereas by adopt-
ing the aforementioned Wells and Coppersmith’s regression for the RA, we obtain ~6.6, which corresponds
to 8.91 × 1018–1.26 × 1019 Nm.

By subtracting the seismic moments released by the MVBF during the 24 August and 26 October 2016 events,
that is, Mw 6.03 and 6.16, corresponding to 1.24 × 1018 and 1.95 × 1018 Nm, respectively (Cheloni et al., 2017),
the residual seismic moment would be 5.72 × 1018–9.41 × 1018 Nm, which corresponds to Mw = 6.47–6.61.
This value matches the Mw of the 30 October 2016 event, that is, 6.6, which activated the remaining fault area
in between and around the 24 August and 26 October ruptures. As for the 24 August event, we conservatively
consider the total seismic moment of the two-patch rupture, not only the rupture along the MVBF.

4.5. Other Possible Seismic Gaps Between the 2009 and 2016–2017 Seismic Sequences

Other active faults potentially responsible for M 6.5–7 earthquakes locate in between the 2009 and 2016–
2017 seismic sequences, where high geodetic strain rate is observed, that is, the UAV-PF, the ACIF, and the
CaF (Figures 1 and 7).

The UAV-PF ruptured entirely during the Mw 6.7 2 February shock of the 1703 seismic sequence (Moro et al.,
2013). While the southern segment of the system, that is, the Paganica fault, activated with 2009 earthquake
(Figure 10), the other active segments of the system, that is, the Mt. Pettino, Mt. Marine, and San Giovanni
fault, did not activate with large seismic events since 1703. Moreover, the 2009 event showed that occasion-
ally the UAV-PF can partly rupture with M around 6 (that is, 2009-like) seismic events (Moro et al., 2013). This
indicates that the central-northern portion of the UAV-PF seismogenic source may be the focus of 2009-like
seismic events in the future, before the whole seismic source will rupture again during 1703-like events.

As for the ~40-km-long ACIF, defined as potentially responsible for M ~7 earthquake (Galadini & Galli, 2000),
paleoseismological investigations (Galli et al., 2002; Gori et al., 2015) showed that the last activation event
likely occurred in the early Middle Age. Since no large magnitude seismic event occurred on the fault since
then, and considering the 1,500–2,500 years mean recurrence interval for central Apennine fault (Galadini
& Galli, 2000), the ACIF is a further significant seismic gap of the region.

Lastly, as for the CaF, geological evidence suggests that, similar to the AF (Falcucci et al., 2016; Galadini et al.,
2016), it is able to produce earthquakes with M not larger than 6 ± 0.2.

5. Conclusions

Newmorphotectonic observations, the review of the geological information, and the analysis of the 2009 and
2016–2017 seismic sequences of central Italy provide new clues to describe in detail the seismic potential of
the CF.

Coseismic DInSAR and CGPS deformation data of the four M 5–5.5 seismic events occurred on the CF on 18
January 2017 and the seismic moment released by the fault during the 2009 seismic sequence showed that
only a small amount of the total seismic moment potentially releasable by the Campotosto seismogenic
source has been released during these seismic sequences. The residual maximum seismogenic potential of
the Campotosto source is still of about Mw ~6.4–6.6. This fact, together with the long elapsed time
(>800–1,000 years) since the last fault activation and the conceivable increase of static stress on the CF after
the 2009 and 2016–2017 sequences (e.g., Falcucci et al., 2011; Mildon et al., 2016; Papadopoulos et al., 2017)
makes the CF seismogenic source as one of the most problematic seismic gaps of central Italy.

The high seismic potential of the CF and of other active faults in between the 2009 and 2016–2017 seismic
sequences is testified by the prominent geological evidence of Holocene fault activity and by the relatively
high strain rate affecting the region, revealed by interseismic CGPS velocities, which define an extension rate
of about 2–3 mm/year in the area.
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Geologic/geomorphic and seismological evidence suggest that the CF and AF may be separated each other
by a NE-SW-to-NNE-SSW chain-crossing inherited faults, comparable to other sectors of the central
Apennines. Within this light, the review of the available literature allowed us to hypothesize that the litho-
spheric discontinuity AAF, that locates in between the AF and the MVBF, has played a major role in influen-
cing the structural setting and evolution of the region. Indeed, the MVBF and Laga Mts. normal faults likely
experienced multiple tectonic inversions as synthetic planes that branched off the AAF, and they are pre-
sently reused to accommodate current extensional regime (Figure 11a). In this perspective, the thrust fronts
did not cut the presently active normal faults, as suggested by other authors (e.g., Bigi et al., 2013; Bonini
et al., 2016), because they did not enucleate after the compressive deformation but they were already present
before compression (Figure 11b). What has varied through time was not the planes but the kinematics of the
structures (Figures 8 and 11b).

Moreover, according to Tavarnelli et al. (2004), the systematic occurrence of a wide damage zone around the
AAF and the long-lasting activity of this regional structure support strain hardening of the fault zone during
reactivation. The presence of such a complex shear zone may have played a fundamental role in the 24
August 2016 event, with a jump of the coseismic rupture from one source (the AF) to the adjacent one
(the MVBF), following the model proposed by Lyakhovsky et al. (2016; Figure 11c). This may justify the pre-
sence of two distinguished rupture patches, separated by a zone of almost absence of slip, whose width
may represents the AAF zone.

Hence, the presence and long-lasting activity of lithospheric shear zones influence the current seismotec-
tonics of a given region in at least two ways: they can influence the rupture on adjacent seismogenic
sources, by halting or allowing jump of the coseismic dislocations; they can influence the structural setting
of a wide region across them and, consequently, the extension of the seismogenic sources in the current
tectonic regimes.
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