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ABSTRACT

In the last decade central Italy was struck
by devastating seismic sequences resulting in
hundreds of casualties (i.e., 2009-L’Aquila
moment magnitude [Mw] = 6.3, and
2016-Amatrice-Visso-Norcia Mw max = 6.5).
These seismic events were caused by two
NW-SE-striking, SW-dipping, seismogenic
normal faults that were modeled based on the
available focal mechanisms and the seismic
moment computed during the relative main-
shocks. The seismogenic faults responsible
for the 2009-L’Aquila Mw =6.3 (Paganica
Fault—PF) and 2016-Amatrice-Visso-Norcia
Mw max = 6.5 (Monte Vettore Fault—MVF)
are right-stepping with a negative overlap
(i.e., underlap) located at the surface in the
Campotosto area. This latter was affected by
seismic swarms with magnitude ranging from
5.0 to 5.5 during the 2009 seismic sequence
and then in 2017 (i.e., a few months later than
the mainshocks related with the 2016 seismic
sequence).

In this paper, the seismogenic faults re-
lated to the main seismic events that occurred
in the Campotosto Seismic Zone (CSZ) were
modeled and interpreted as a linkage fault
zone between the PF and MVF interacting
seismogenic faults. Based on the underlap di-
mension, the seismogenic potential of the CSZ
is in the order of Mw = 6.0, even in the case
that all the faults belonging to the zone were
activated simultaneously. This has important
implications for seismic hazard assessment
in an area dominated by the occurrence of
a major NW-SE—-striking extensional struc-
ture, i.e., the Monte Gorzano Fault (MGF).
Mainly due to its geomorphologic expression,
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this fault has been considered as an active
and silent structure (therefore representing a
seismic gap) able to generate an earthquake
of Mw max = 6.5-7.0. However, the geologi-
cal evidence provided with this study sug-
gests that the MGF is of early (i.e., pre- to
syn-thrusting) origin. Therefore, the evalua-
tion of the seismic hazard in the Campotosto
area should not be based on the geometrical
characteristics of the outcropping MGF. This
also generates substantial issues with earth-
quake geological studies carried out prior
to the recent seismic events in central Italy.
More in general, the 4-D high-resolution
image of a crustal volume hosting an active
linkage zone between two large seismogenic
structures provides new insights into the be-
havior of interacting faults in the incipient
stages of connection.

INTRODUCTION

Central Italy was struck by severe earthquakes
along the Apennine chain, as documented by his-
torical sources (Rovida et al., 2019). The most
significant earthquakes, clustering along the cen-
tral Apennines fault system (CAFS; Cello et al.,
1997), occurred in three periods over the last
millennium: in the 13th-14th and the 17th-18th
centuries, and then from the 1980’s to the pres-
ent (Tondi and Cello, 2003; Castelli et al., 2016;
Rovida et al., 2019). The last decades witnessed
several devastating earthquakes resulting in hun-
dreds of casualties (i.e., 1997-Colfiorito-Sellano
moment magnitude [Mw] = 6.0; 2009-L’ Aquila
Mw = 6.3; and 2016-Amatrice-Visso-Norcia
Mw max = 6.5; Amato et al., 1998; Chiarabba
et al., 2009; Chiaraluce et al., 2011; Chiaraluce
et al., 2017. These events were caused by the
reactivation of NW-SE-striking, SW-dipping
normal faults (Tondi et al., 2009; Pantosti and
Boncio, 2012; Pierantoni et al., 2013; Galli et al.,
2017; Pizzi et al., 2017; Civico et al., 2018; Big-
nami et al., 2019; Villani et al., 2018) (Fig. 1).

The CAFS is an interactive active fault sys-
tem, extending along the central Apennines in
a north-south direction for a length of ~100 km
and ~50 km of width (Cello et al., 1997). This
system includes several active and capable
faults (sensu IAEA, 2010), interpreted as the
surface expression of deep seismogenic faults
(Barchi et al., 2000; Galadini and Galli, 2000;
Tondi, 2000). Many of the scientific papers on
these active faults were published before the last
destructive seismic sequences (in addition to
those already mentioned, see also: Pizzi et al.,
2002; Tondi and Cello, 2003; Galadini and Galli,
2003; Boncio et al., 2004a; Tondi et al., 2009).
From 1997 to 2016, the entire fault system was
activated along its length (see Fig. 1), thus pro-
viding the unique opportunity to evaluate the
seismic hazard estimated by geological and
paleoseismological studies. Furthermore, the
latest seismic sequences have clearly demon-
strated the dominant role of extensional tecton-
ics in the upper crust of the central Apennines,
with the main seismogenic sources dipping to
the southwest (e.g., Galli et al., 2018; Galderisi
and Galli, 2020).

A meaningful comparison may now be car-
ried out considering the seismological data
provided, in particular, by the 2009-L’Aquila
(Mw = 6.3) and the 2016-Amatrice-Visso-Nor-
cia (Mw max = 6.5) earthquakes. Moreover,
these high-resolution data, together with the geo-
logical surveys carried out immediately after the
mainshocks, allowed us to improve our knowl-
edge on the seismotectonic setting of central
Italy, and on both the peculiar phenomenology
of earthquakes associated with crustal normal
faults (Doglioni et al., 2015) and the interaction
processes between active faults and earthquakes
(Pino et al., 2019). Such interaction processes
may be better understood considering the recent
results on rupture directivity provided by Calde-
roni et al. (2017) for sixteen earthquakes of Mw
> 4.4 belonging to the 2016 Amatrice-Norcia-
Visso seismic sequences.
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The seismic sequences that occurred in the
last decades in central Italy (Rovida et al., 2019;
Chiaraluce et al., 2017) permit to: (a) verify the
geological and paleoseismological analyses car-
ried out prior to the seismic events, (b) improve
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our knowledge on the seismotectonic setting of
central Italy, and (c) better understand the interac-
tion processes between active faults (long-term)
and earthquakes (shorth-term) within an active
fault system (i.e., the CAFS in Cello et al., 1997;
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see also Calamita and Pizzi, 1992, 1994; Boncio
et al., 2004a; Galadini, 1999; Galadini and Galli,
2000; Mildon et al., 2017; Wedmore et al., 2017).

Within the CAFS, the most recent seis-
mic sequence of 2016 bridged the two former
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epicentral areas of Colfiorito (in 1997) and
L’Aquila (in 2009). A few days after the main-
shock of L'Aquila (in 2009) and a few months
after the mainshocks of Norcia (in 2016), seis-
mic swarms with magnitudes ranging from 5.0
to 5.5 occurred in the Campotosto area, between
the Paganica Fault (PF) and the Monte Vettore
Fault (MVF) (Fig. 1). The occurrence of seis-
mic swarms in the Campotosto area suggests
a strong interaction between the seismogenic
faults belonging to the CAFS (Cheloni et al.,
2014; Calderoni et al., 2017; Mildon et al.,
2017; Chiarabba et al., 2018; Pino et al., 2019),
as already shown by the characteristics of the
historical seismic sequences (e.g., multiple seis-
mic events that occurred in 1703; Rovida et al.,
2019) and by the spatial characteristics and the
relationships of the dimensional parameters of
the active faults along the Apennines (Cello
et al., 1998a; Cowie and Roberts, 2001; Tondi
and Cello, 2003; Spina et al., 2008, 2009; Mil-
don et al., 2017; Wedmore et al., 2017).

Fault interaction and fault-growth by seg-
ment linkage represent fundamental processes
controlling the evolution, in both time and the
space, of fault systems (Cartwright et al., 1995;
Soliva et al., 2006; Fossen and Rotevatn, 2016,
and references therein; Stemberk et al., 2019).
Once two sub-parallel fault segments get close
enough, they will start to interact. According to
the spatial relationship between the two inter-
acting faults, the interaction and relative linkage
may encompass different processes and stages
of evolution. Starting with a negative overlap
geometry (i.e., underlap), if strain continues
to be accommodated, a soft-linked stage (with
a zone of subsidiary structures, represented by
minor faults and fractures) and/or relay ramp
formation (Walsh and Watterson, 1991) will

The Campotosto Seismic Zone (central Italy)

eventually result in a linkage of the two faults
(hard-linkage).

The critical nearness or spacing between
two fault tips interacting each other is of fun-
damental importance during the growth of fault
populations. Mechanically, this critical spacing
has been related to the zone of stress perturba-
tion that occurs around faults (e.g., Ackermann
and Schlische, 1997; Cowie and Roberts, 2001;
Soliva et al., 2006; King and Deves, 2015). The
effect of such stress perturbed regions has been
explored by Willemse et al. (1996) and further
by Gupta and Scholz (2000), whose modeling
confirmed that tip propagation is enhanced or
retarded as a fault grows into the stress increase
or stress drop regions of an underlapping or
overlapping fault, respectively (Fig. 2) (Scholz
and Cowie, 1990; Marrett and Allmendinger,
1990; Peacock and Sanderson, 1991; Villemin
et al., 1995; Schlische et al., 1996; Walsh et al.,
2002; Wilkins and Gross, 2002; Soliva and
Benedicto, 2004).

The type of interaction between faults and the
rate at which faults reactivate not only control
the long-term tectonic evolution of an area, but
also influence seismic hazard, as earthquake
recurrence intervals tend to decrease as fault
slip rate increase (Roberts et al., 2004; Spina
etal., 2008; Wedmore et al., 2017). Furthermore,
short-term interaction may generate larger and/
or multiple earthquakes (Stein et al., 1992, 1997;
Spina et al., 2008, 2009).

In this paper, the seismogenic faults related
to the main seismic events that occurred in the
Campotosto area are first reconstructed based
on seismological evidence. Subsequently, new
geological data are presented. The seismo-
logical and geological data are then discussed
within the framework of a new seismotectonic
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scenario for the 2009-L’Aquila and 2016-Ama-
trice-Visso-Norcia seismic sequences. A critical
reassessment of previous works is also carried
out, particularly concerning the activity of the
major NW-SE-striking extensional structure of
the region, i.e., the Monte Gorzano Fault (MGF).

The MGF is a large structure that has been
considered as a Quaternary, active, capable, and
silent fault (i.e., representing a seismic gap), able
to generate an earthquake of Mw max = 6.5-7.0
(Galadini and Galli, 2003; Boncio et al., 2004b;
Falcucci et al., 2018 and reference therein).
However, based on new field observations and
building on previous studies and available data,
we provide an alternative model implying an ear-
lier evolution of the MGF. Moreover, in light of
the outcomes provided by the seismic and geo-
logical data related to the earthquake sequences
that occurred in the last decades in central Italy,
we discuss relevant issues concerning earth-
quake geological studies carried out prior to the
seismic events.

THE CAMPOTOSTO SEISMIC ZONE

The CSZ, located between the PF and MVF
(Fig. 1), was affected by seismic swarms with
maximum magnitude ranging from 5.0 to
5.5 (Fig. 3) during both the 2009-L’Aquila
and 2016-Amatrice-Visso-Norcia seismic
sequences (Valoroso et al., 2013; Chiaraluce
et al., 2017). The CSZ hypocenters related with
the 2009-L’Aquila seismic sequence show a
depth distribution in the range of 5-12 km. The
related focal mechanisms are all of a similar type
(Fig. 3; Valoroso et al., 2013), consistent with
the orientation of the ongoing extensional tec-
tonic stress that affects the area (Mariucci et al.,
2010; Mariucci and Montone 2016), and the
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Figure 2. Different processes/stages of evolution of linkage between neighboring normal faults in relation to their geometry (modified after
Gupta and Scholz, 2000). Fault 1 and Fault 3 display the geometrical relationship between the Paganica Fault (Fault 3) and the Monte Vet-
tore Fault (Fault 1). The underlap region represents the Campotosto area, central Italy.
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in the range of 5-7 km. The southern events,
approaching the 2009 CSZ events, are charac-
terized by NS and NW trends and are deeper (in
the range of 7-12 km).

The seismicity of the CSZ during the
2009-L’Aquila and 2016-Amatrice-Visso-Nor-
cia seismic sequences was characterized by a
total of seven mainshocks with magnitude rang-
ing from 5.0 to 5.5, each followed by a coher-
ent aftershock sequence. The three main events
associated with the 2009-L’Aquila sequence
and the four main events associated with the
2016-Amatrice-Visso-Norcia seismic sequence
indicate the presence of a deep seismogenic
source zone clearly interacting with both the
PF and the MVFE. It is important to note that the
data provided by Calderoni et al. (2017) unravel
the occurrence of two preferential rupture direc-
tivities for the 2009 and 2017 seismic events, in
relation with the main seismogenic source with
which they interact.

The Seismogenic Faults

To investigate the spatial and geometrical
characteristics of the structures responsible for
the mainshocks of the 1997, 2009, and 2016
seismic sequences, the seismogenic faults were
modeled based on the seismological evidence
(Fig. 1). Modeling followed the geometrical
reconstruction available in the literature for
the considered faults (Boncio et al., 2004a;
Pizzi et al., 2017; Chiarabba et al., 2018; Fal-
cucci et al., 2018; Walters et al., 2018), inte-
grated and compared with the available focal
mechanisms and the seismic moment detected
during the following mainshocks (Fig. 1): (1)
Colfiorito Fault—26 September 1997 Umbria-
Marche earthquake (Mw = 6.0); (2) Paganica
Fault (PF)—6 April 2009 L'Aquila earthquake
(Mw = 6.3); (3) Monte Vettore Fault (MVF)—
cumulative of 24 August 2016 Amatrice earth-
quake (Mw = 6.0), 26 October 2016 Visso

The Campotosto Seismic Zone (central Italy)

earthquake (Mw = 5.9), and 30 October 2016
Norcia earthquake (Mw = 6.5).

It is important to note that the MVF in Fig-
ure 1 represents the cumulative seismic ruptures
of the three above-mentioned earthquakes and
does not depict a single fault plane. Both seismo-
logical and geodetic (global positioning system
[GPS], Differential Synthetic Aperture Radar
Interferometry [DinSAR]) investigations fol-
lowing the 2016 seismic sequence highlighted
an important segmentation of the MVF, with a
major—active or passive—control exerted by
pre-existing cross structures (e.g., Chiaraluce
et al., 2017; Pizzi e al., 2017).

The seismogenic fault geometry of the main
events (Mw > 5.0) that occurred in the CSZ
was modeled in 2-D and 3-D using the Petrel
software (licensed for academic use by Schlum-
berger®) (Figs. 3A and 3B). Fault geometrical
parameters including length (L) and area (A),
and maximum coseismic displacement (D) for
the seven main events affecting the CSZ are listed
in Table 1. These parameters were estimated
based on well-established relationships between
seismic moment (Mo) (http://cnt.rm.ingv.it/
en/tdmt; Scognamiglio et al., 2006), fault size,
and D (Stein and Wysession, 2003; Zoback and
Gorelick, 2012). For the 2009-L'Aquila seismic
sequence, Calderoni et al. (2013) calculated a
typical stress drop value of 10 MPa for earth-
quakes with Mw > 4.5. Taking into account the
proximity of the two zones and their similarity
from an active tectonics point of view, in this
work we use the same stress drop value to esti-
mate the maximum displacement D.

The applied workflow to reconstruct the seis-
mogenic structures in Petrel involved the fol-
lowing: (a) the hypocenters, relocated using the
Double-Difference technique (hypo-DD; Wald-
hauser and Ellsworth, 2000), were imported into
the software as file ASCII with Universal Trans-
verse Mercator coordinates; (b) from each hypo-
center, a polygon was generated with the relative

TABLE 1. SUMMARY OF THE PARAMETERS USED TO MODEL THE SEISMOGENIC FAULT PLANES OF THE
SEVEN STUDIED MAIN EVENTS THAT OCCURRED IN THE CAMPOTOSTO SEISMIC ZONE, CENTRAL ITALY

Date Time Nodal planes Mw Mo L A D
(UTC) strike dip rake (dyne cm) (m) (m?) (cm)

4/6/2009 23:15:37 154 57 -80 5.0 3.69E + 23 2300 5.29E + 06 30
316 34 —106

4/9/2009 0:52:59 322 46 -95 5.2 3.46E + 23 3200 1.02E + 07 40
149 45 -85

4/9/2009 19:38:16 137 48 —86 5.0 8.25E + 23 2300 5.29E + 06 30
311 42 —95

1/18/2017 9:25:40 331 58 -91 5.1 6.39E + 23 2800 7.84E + 06 50
153 32 —88

1/18/2017 10:14:09 161 51 -86 5.5 2.15E + 24 4500 2.03E + 07 70
335 39 -95

1/18/2017 10:25:23 319 55 -91 5.4 1.42E + 24 4000 1.60E + 07 60
140 35 -89

1/18/2017 13:33:36 313 71 -115 5 4.14E + 23 2500 6.25E + 06 35
188 30 -39

Notes: (Time Domain Moment Tensor Catalogue: http://cnt.rm.ingv.it/en/tdmt; Scognamiglio et al., 2006).
The geometrical parameters refer to: fault length (L), fault area (A), and maximum coseismic displacement
(D, estimated for a 10 Mpa stress drop). Mw—moment magnitude; Mo—seismic moment.
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fault dimension (Table 1); (c) these surfaces were
then oriented in space according to the strike and
dip angle of the relative focal mechanism; (d)
finally, the seismogenic boxes (2-D projections
of the seismogenic faults at the surface) were
created assigning to the rectangles bounding the
faults an elevation value (z) equal to 0.

The modeled seismogenic faults in the CSZ
were assumed as having an aspect ratio (length/
width) of 1, since we do not have any constraint
on the shape of these structures. Fault attitude
was obtained from the SW-dipping nodal planes,
consistent with the distribution of the hypocen-
ters (Mw > 2.0) that took place within a short
time window (five days after the main event).

The modeled seismogenic sources (Fig. 3B)
allow us to obtain a 3-D view of the seismogenic
structures of the CSZ. This consists of fault
planes not aligned along a preferential orienta-
tion and clearly represents an intensely fractured
zone between the PF and MVF (see Fig. 3).

The Monte Gorzano Fault

The MGEF, also known as Monti della Laga
Fault, is a NW-SE—striking, SW-dipping nor-
mal fault. It is located in an outer portion of the
Apennine belt and represents the most domi-
nant structural feature in the Laga Mountains.
The fault borders the Amatrice and Campotosto
basins (Figs. 1 and 4).

The master fault plane is exposed in the cen-
tral part of the structure, where it cuts the old-
est formations exposed in the footwall. The
fault zone is characterized by several slicken-
sides dipping at a high angle (70-80°) toward
the SW; its geomorphological expression (fault
scarp) clearly marks its extant position (Blu-
metti and Guerrieri, 2007; this study). The fault
is 28 km long and is conventionally divided into
two segments, i.e., the Amatrice and the Cam-
potosto faults. The two segments have lengths
of 10 and 18 km, respectively (Cacciuni et al.,
1995; Galadini and Messina, 2001; Galadini and
Galli, 2003; Falcucci et al., 2018). According to
Boncio et al. (2004a), the maximum cumulative
displacement in the middle part of the fault is
2300 m, rapidly decreasing to zero at the lat-
eral fault tips. The fault puts into contact the
uppermost Burdigalian to lowermost Messinian
Marne con Cerrogna formation, in the footwall,
with the Messinian siliciclastic Laga Formation
in the hanging wall. Boncio et al. (2004b) con-
sidered the displacement as entirely post-thrust-
ing (i.e., Quaternary), obtaining a mean slip rate
of up to 1.0 mm/yr. On the other hand, Galadini
and Galli (2003) estimated a maximum slip rate
of 0.7-0.9 mm/yr and considered the activation
of this segment of the MGF probably later than
the early Pleistocene.
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The Laga Basin sits on the faulted Juras-
sic—upper Miocene dominantly carbonate suc-
cession. The basin has a triangular shape and
is located in the footwall of the major thrusts
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of the region, i.e., the Umbria—Marche—Sabina
thrust zone (Mazzoli et al., 2005; see also Car-
minati and Doglioni, 2012), or Monti Sibillini
thrust to the east, and the Gran Sasso thrust to
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the south (Calamita et al., 2018). These thrusts
were active during the deposition of the Laga
Formation, which shows lateral facies varia-
tions marked by the transition from channelized
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deposits in the north-western portion of
the basin to lobe deposits in its eastern and
south-eastern part (Milli et al., 2009; Marini
etal., 2011).

In the studied area (Fig. 5), the MGF consists
of a main fault plane striking NW-SE and sev-
eral minor fault splays offsetting at the surface
the Laga and Marne con Cerrogna formations
(Figs. 5A, 6A, and 6B). The splays occur in the
northernmost part of the studied area (Fig. 5).
Here, the arenaceous-pelitic association of the
Laga Formation, in the hanging wall, is in con-
tact with the Marne con Cerrogna formation in
the footwall, with an estimated dip separation of
900-1050 m (based on the dip angles of the pro-
jected anticline flanks; Fig. 5B, section B-B’).
Moving along strike to the south-southeastern
part, the stratigraphically uppermost part of the
Laga Formation (i.e., the Pelitic member) occurs
in the hanging wall, while the arenaceous associ-
ation is exposed in the footwall (Fig. 5B, section
A-A; Fig. 6C and 6D). This yields an estimated
offset of 750780 m.

Along the southern portion of the fault, the
pelitic association of the Laga Formation—
consisting of thin to medium shale beds and
fine- to medium-grained sandstones—often
dips in opposing directions, defining folds
with steep to vertical limbs in the vicinity
of the main fault plane (Fig. 5A). Such folds
do not occur farther NNW, where an array of
splays offset the dominantly sandstone beds of
the arenaceous-pelitic association located in
the footwall block with respect to the principal
fault plane (Fig. 5B).

The Campotosto 1 well (ViDEPI data;
https://www.videpi.com/videpi/pozzi/dettaglio.
asp?cod=1109), situated ~3.8 km W of the
surface expression of the fault plane (Fig. SA),
penetrated a thin portion of the arenaceous
association occurring on top of the arenaceous-
pelitic association. The interpretation of the
Campotosto 1 well data and the correlation
with the outcomes of field mapping allowed
us to estimate the position of several marker
beds, such as a main turbiditic bed and peculiar
arenaceous-pelitic levels within the arenaceous
association (Fig. 5). The stratigraphic thick-
ness between two reference datum levels (top
of Orbulina Formation and the previously men-
tioned turbiditic marker bed) was obtained for
both footwall and hanging-wall blocks. Based
on field mapping, this thickness is of 750—
780 m in the footwall, while the same strati-
graphic portion in the hanging wall (obtained
from the integration of the Campotosto 1 well
and field mapping data, Fig. 5C) is in the range
of 900-1050 m. This portion is therefore 150—
300 m thicker in the hanging wall than in the
footwall of the MGF.
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DISCUSSION

The seismic sequences that occurred in the
last decades in central Italy (Rovida et al., 2019;
Chiaraluce et al., 2017) allowed us to (a) verify
the geological and paleoseismological analy-
ses carried out prior to the seismic events, (b)
improve our knowledge of the seismotectonic
setting of central Italy, and (c) better understand
the interaction processes between active faults
(on the long-term) and earthquakes (on the
short-term) within an active fault system (i.e.,
the CAFS; Cello et al., 1997).

The geological surveys carried out imme-
diately after the mainshocks of the 1997-Col-
fiorito-Sellano Mw = 6.0; 2009-L’Aquila
Mw = 6.3, and 2016-Amatrice-Visso-Norcia
Mw max = 6.5 seismic sequences documented
how surface faulting and secondary coseismic
phenomena are widespread (Tondi et al., 2009;
Pantosti and Boncio, 2012; Civico et al., 2018;
Villani et al., 2018). After the 2016-Amatrice-
Visso-Norcia mainshocks, surface faulting
was observed along several faults that had
been previously mapped as active and capa-
ble, belonging to the Monte Vettore-Monte
Bove fault system (Calamita and Pizzi, 1994;
Cello et al., 1997; Pizzi et al., 2002; Pierantoni
et al., 2013; Galli et al., 2016; Civico et al.,
2018; Villani et al., 2018). This confirms that
active and capable faults individuated at the
surface can be interpreted as the manifesta-
tion of the deep seismogenic structure, from
which the maximum expected magnitude can
be estimated. This is based on fault dimension
(previously evaluated Mw max = 6.5-6.7, see
Barchi et al., 2000), according to the “areal
segmentation model” of Tondi (2000). On the
other hand, a different scenario is suggested
for the 2009-L'Aquila earthquake (Chiarabba
et al., 2009; Boncio et al., 2010; Galli et al.,
2010, Pantosti and Boncio, 2012; Moro et al.,
2013). Here, besides primary surface fault-
ing along the PF (for a total rupture length of
3-12 km; e.g., Pantosti and Boncio, 2012),
coseismic phenomena (e.g., free faces, open
fractures) observed discontinuously along
very small sections (up to few hundred meters
long) of previously mapped active and capable
faults (e.g., the Pettino, the Gran Sasso, and the
Bazzano faults) are not directly associated with
the causative seismogenic fault (i.e., the PF)
of the 2009-L/Aquila mainshock (EMERGEO
Working Group, 2009; EMERGEO Working
Group, 2010). Rather, in this case they rep-
resent secondary phenomena due to ground
shaking, facilitated by the different mechani-
cal properties (carbonate bedrock versus loose
continental deposits) of the rocks exposed in
each of the fault blocks.
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It is important to point out that these secondary
coseismic phenomena may produce effects that
are similar to those of primary surface faulting
in the rejuvenation of a fault scarp, also involv-
ing the deformation of Holocene sediments and/
or the soil in some instances. As these represent
some of the most important evidence commonly
considered for the identification of active and
capable faults, caution should be applied in the
lack of a robust geological analysis (i.e., geo-
logical mapping and related structural interpre-
tation, paleoseismological analysis). Within this
framework, some of the active and capable faults
mapped in the Apennines, individuated based
exclusively on the evidence described above,
may actually represent pre-existing structures
not directly connected with the seismogenic
sources. Therefore, they cannot be used in terms
of seismic hazard evaluation purposes.

The recent 2016 central Italy seismic
sequence provided important insights into the
understanding of the seismic cycle and recur-
rence time of large earthquakes for the interact-
ing and fragmented active fault systems in the
Apennines (Tondi and Cello, 2003). It is well
known that the seismic cycle of single faults is
not regular, as fault interaction processes may
anticipate or retard slip, thus affecting both time
and magnitude (Mildon et al., 2017). However,
a different perspective emerges by considering
a faulted crustal volume (Fig. 7). Prior to the
2009-L/Aquila and the 2016-Amatrice-Visso-
Norcia seismic sequences, the most significant
earthquakes in central Italy—clustering in two
main periods over the last millennium—were
associated with the CAFS structures by Tondi
and Cello (2003). The reconstructed cumula-
tive displacement was interpreted by the latter
authors as “slip and time predictable,” with a
recurrence time period of ~350 years for large
earthquakes (M > 6.5) generated by the CAFS
structures. As it may be observed in Figure 7,
the seismic sequences that occurred in the last
decade in central Italy are in agreement with the
prediction. These results may have important
implications for seismic hazard analysis, in par-
ticular for the opportunity to include the “time”
parameter on its evaluation.

As shown in Figure 1, the seismogenic faults
responsible for the 2009-L’Aquila Mw = 6.3
(Paganica Fault—PF) and 2016-Amatrice-
Visso-Norcia Mw max = 6.5 (Monte Vettore
Fault—MVF) are right-stepping with a nega-
tive overlap (i.e., underlap; see also Fig. 2). This
latter coincides at the surface with the area of
Campotosto (Campotosto Seismic Zone—CSZ
in this paper). During the 2009 seismic sequence
and in 2017, few months later than the main-
shocks related to the 2016 seismic sequence,
the CSZ was affected by seismic swarms with
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Figure 6. (A) Two general views
of the Monte Gorzano Fault
(MGF) exposed in the central
part of the structure immedi-
ately to the east of the village of
Petra, central Italy (see Fig. 4).
The main fault surfaces are in-
dicated in red and the traces
of bedding of the hanging-wall
and footwall blocks are also
shown (note fault-related drag
of bedding). The fault zone
in the Marne con Cerrogna
Formation is represented by a
cataclastic fault core, includ-
ing several slickensides, and a
>10-m-thick damage zone. (B)
Detail of slickensides dipping
at a high angle (70-80°) toward
the SW (Marne con Cerrogna

magnitudes ranging from 5.0 to 5.5, thus sug-
gesting a strong interaction between the PF
and the MVFE.

The seismogenic structures related to the main
seismic events that occurred in the CSZ were
modeled and interpreted as a linkage fault zone
between the PF and MVF interacting seismo-
genic faults (Fig. 8). Hypocenter location within
the CSZ suggests the occurrence of two differ-
ent structures within the linkage zone: a north-
ern fault, located at 5-7 km depth, is aligned
with and striking in the direction of the MVE.
A southern fault is right stepping with respect

Geological Society of America Bulletin, v. 133, no. 7/8

to the PF and located deeper (between 7 and
12 km; see also Bigi et al., 2013) with respect
the northern one (Fig. 8). Based on the dimen-
sion of the underlap region between the PF and
the MVE, the seismogenic potential of the CSZ
is in the order of Mw = 6.0, even in the case
where both structures composing the linkage
zone activated simultaneously.

This feature has important implications for
seismic hazard assessment in central Italy, as
the CSZ has been recently considered able to
generate an earthquake of maximum magnitude
Mw = 6.5-7.0 (Falcucci et al., 2018).
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Formation). (C) Fault zone as-
sociated with the fault scarp
in the southern portion of the
MGEF (see Fig. 5 for location).
The outcrop is a vertical wall of
a trench excavated across the
fault scarp; the fault plane puts
into contact the arenaceous-
pelitic association (footwall)
against the pelitic association
(hanging wall) of the Laga For-
mation. (D) Detail of the fault
zone, in which a closely spaced
foliation (S tectonites sensu
Lister and Snoke, 1984) occurs.

The high-resolution seismological data related
with the recent earthquake sequences of central
Italy provide a 4-D picture of the crustal volume
in the underlap region between two major active
faults. This enhanced picture of a developing
fault linkage zone points out how the tips of the
major faults are surrounded by a “process zone”
at the scale of the whole seismogenic crust. This
“mega-process zone” includes minor—though
seismogenic—fault segments that may be envis-
aged to play a fundamental role in the fault link-
age process. This does not occur merely by the
lateral propagation of the tips of the initially
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N  Year Latitude Longifude Epicentralzone Imax (hh:vev)
1 1219 4327 12.78 Colfiorito 9 6.4
2 1328 4285 13.02 Norcia 10 6.2
3 1349 4217 13.38 L'Aquila 10 7
4 1599 4272 13.00 Cascia 85 59
5 1639 4265 13.25 Amatrice 10 6
6 1703 4268 1312 Norcia 1 6.7
7 1703 4262 13.10 Montereale 8 6
8 1703 4247 13.20 L'Aquila 10 66
9 1730 4245 13.08 Leonessa 9 6.3

10 1786 4232 13.37 L'Aquila 8 56
1 1859 4279 13.01 Norcia 85 59
121979 4272 13.07 Norcia 85 (58)
13 1997 43.00 12,60 Caolfiorito 8 (6)
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Figure 7. Graphical representation of the equivalent magnitude of the central Apennines
fault system-related historical earthquakes of central Italy versus time and seismic cycle
(modified after Tondi and Cello, 2003). The cumulative displacements for the 2009 L’Aquila
and 2016 Amatrice-Visso-Norcia earthquakes are from Cheloni et al. (2014) and Walters
et al. (2018). The historical earthquakes reported in the table are those originally included
in Tondi and Cello (2003) based on seismic catalogues cited therein. Imax—maximum inten-
sity; Me—equivalent magnitude; Mw—moment magnitude.

isolated major faults within the crustal volume
comprised between them (underlap region).
Rather, minor fault segments developed in the
early stages of fault interaction in the underlap
region are likely to grow and link up progres-
sively, to eventually form a continuous, longer
fault by joining the two preexisting major faults.

Structural Characteristics and Timing of
Activity of the Monte Gorzano Fault

The MGF has been considered an active and
capable fault that can generate a significant max-
imum magnitude (Bachetti et al., 1990; Blumetti
and Guerrieri, 2007). The related influence on
seismic hazard was evaluated based on fault
dimensional parameters (i.e., length and cumu-
lative displacement; Barchi et al., 2000; Boncio
et al., 2004b; Falcucci et al., 2018), coupled with
paleoseismological information from a single
trench provided by Galadini and Galli (2003).
Moreover, according to some authors (Falcucci
et al., 2018), along the line of the main seismic
sequences (from north to south: 1997—Umbria-
Marche, 2016—Amatrice-Visso-Norcia, and
2009—L’'Aquila), the Campotosto fault seg-
ment of the MGF represents a seismic gap with
an associated maximum expected magnitude of
the order of Mw = 6.6-6.7.

Despite this dominant interpretation, various
authors proposed a different interpretation for the
MGE. Tondi and Cello (2003) indicated only the
northern part of the MGF as active and capable.
This interpretation was based on the recent geo-
logical evolution of the Amatrice basin, that we
now know is related to the seismogenic source
of the Mw = 6.0 earthquake that occurred on 24
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August 2016. This latter was related, by several
authors, to the southern tip of the MVF seismo-
genic source (Anzidei and Pondrelli, 2016). Bigi
et al. (2013) pointed out that the 2009 seismic
swarm in the CSZ indicates the occurrence of a
deep extensional structure that does not have any
surface expression nor connection with the MGF.
Based on the interpretation of available seismic
data across the area (Fig. 9), the latter authors
provided geological sections on which the MGF
is shown as a shallow structure playing no role in
seismogenesis. Moreover, a recent work based on
tomographic data (Buttinelli et al., 2018) supports
Bigi et al.’s (2013) model, confining the seismic-
ity of the CSZ to depths in excess of 5-6 km.
Comparing the geometry and the characteristics
of the MGF with other fault systems representing
the surface expression of seismogenic sources of
the CAFS (Tondi, 2000; Tondi and Cello, 2003),
a markedly different pattern emerges. The MGF
consists of a continuous—not segmented—struc-
ture showing a total length of 28 km, with well-
defined and geologically homogeneous footwall
and hanging blocks and a coherent displacement
that can be followed with regularity from tip to tip
(Boncio et al., 2004b). According to well-defined
length (L) versus maximum displacement (D)
scaling relationships for normal faults, classically
implying D/L values in the order of 10~2 (Kim
and Sanderson, 2005), the maximum displace-
ment of the MGF should be less than 300 m.
However, the cumulative offset in the central part
of the fault would be eight times larger than that
according to Boncio et al. (2004b), and is still
almost six times larger according to the detailed
reappraisal—based on additional field and well
constraints—carried out in this study (Fig. 10).
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Further active and capable fault systems
exposed in the central Apennines (i.e., the
Colfiorito, Norcia, and Monte Vettore-Monte
Bove) include fault segments characterized
by anomalously high D/L values. These occur
in correspondence with pre-existing faults (of
Jurassic or Miocene age) that were reactivated
during Quaternary extension. In contrast to the
MGTF, these are short and discontinuous seg-
ments whose displacement anomalies have
been clearly recognized and associated to spe-
cific pre-existing, inherited structures (Calamita
and Pizzi, 1992, 1994, Pierantoni et al., 2013, Di
Domenica et al., 2012). Once the displacement
components associated with the pre-Quaternary
activity of these fault segments is subtracted,
the cumulative recent displacement of the fault
systems display “conventional” D/L values in
the order of 10-2 (Cello et al., 1998b, Kim and
Sanderson, 2005).

A further issue with the large displacement
associated with the MGF is represented by
fault slip rate. If the displacement is consid-
ered to have occurred entirely post-thrusting, a
mean slip rate of up to 1.0 mm/yr is obtained
in case extension started in the early Pleistocene
(Boncio et al., 2004b). On the other hand, in the
case of the MGF activity occurring within the
last 800 k.y., i.e., the time of widespread post-
orogenic extension in the Apennines according
to several authors (e.g., Cello et al., 1997; Bigi
et al., 2013), the fault slip rate would exceed
3 mm/yr. Such a slip rate is one order of magni-
tude larger than typical slip rates calculated for
active normal faults in the Apennines (e.g., Cello
et al., 1997; Pizzi et al., 2002; Galli et al., 2008,
Ascione et al., 2013, and references therein).
This inconsistency of the MGF slip rate may
be explained by considering a different tectonic
scenario. The thickness variation of the Laga
Formation in the hanging wall and footwall
blocks suggests a synsedimentary activity of the
fault during the late Miocene. A similar differ-
ence was documented by Mazzoli et al. (2002)
for the Marne con Cerrogna Formation across
the Montagna dei Fiori Fault, which represents
a similar structure located ~20 km to the east
(Fig. 4). Both of these faults display evidence
of pre-thrusting extensional activity, in the form
of: (a) thickness variations of stratigraphic units
across the fault, recording syn-rift sediment
accommodation on top of the downthrown
hanging-wall block, and (b) intense folding of
the hanging-wall sedimentary fill in proximity
to the fault surface, indicating buttressing against
the preexisting mechanical interface represented
by the fault during subsequent orogenic shorten-
ing (Calamita et al., 1998, 2018; Mazzoli et al.,
2002; Scisciani et al., 2002; Butler et al., 2006;
Withjack et al., 2010; Brogi, 2016). Buttressing
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Figure 8. 3-D model of the seismogenic structures related to the 2009 L’Aquila seismic sequence (purple) and the 2016-2017 Amatrice-
Visso-Norcia seismic sequence (red/brown) of central Italy. The model shows the difference in length between the capable faults at the sur-
face and the related seismogenic sources at depth. This difference is consistent with the pronounced elliptical shape typical of normal faults
(Torabi et al., 2019). The seismogenic sources of the main events (moment magnitude = 5.0) that occurred in the underlap region between
the two main faults outline a linkage zone beneath the Campotosto area.

may affect both hanging wall and footwall —may be either dissected by later thrusts or reac-  anticline, triggering extensional collapse of the
blocks, depending on the competence of the tivated—entirely or partially, i.e., in segments  thrust ramp and renewed normal fault motion.
rocks (Calamita et al., 2018). In our instance, only—during positive tectonic inversion, as dif- A similar interpretation also perfectly applies to
the lithologies more prone to buttressing are  fusely documented in the Apennines (e.g., Gran  the MGF, as clearly documented by the seismic
those of the pelitic-arenaceous association of  Sasso Fault, Majella Fault, Montagna dei Fiori  evidence provided by Bigi et al. (2013) (Fig. 9).
the Laga Formation, that in fact show intense  Fault, Camerino Syncline Fault and Monte San ~ Normal faults of this type are commonly associ-
folding in the southern part of the MGF hang-  Vicino Anticline faults) (Mazzoli et al., 2002;  ated with the backlimbs (W flanks) of NW-SE—
ing wall. These features provide evidence that,  Scisciani et al., 2002; Butler et al., 2006; Satolli to NNW-SSE—trending, E vergent Apenninic
during orogenic shortening, the MGF already et al., 2014). As with the Montagna dei Fiori macro-anticlines. Such structures are confined
existed, but did not undergo significant fault = Fault, the MGF is characterized by anomalous  within thrust sheets, being bounded by the
reactivation and positive inversion. Accordingly,  displacement-length relationships, with a dra- underlying thrust; therefore, they cannot play a
we interpret the MGF as a late Miocene, pre- matic tapering of extensional throw toward the  significant role in seismic hazard.

thrusting normal fault caused by flexure-related  fault tips (Ghisetti and Vezzani, 2000). These The marked geomorphological evidence
extension of the foreland lithosphere (Mazzoli  features were interpreted by Storti et al. (2018)  of the fault scarp associated with the MGF
etal., 2002; Scisciani et al., 2002). Although this  as a result of further, syn-thrusting extensional  (Bachetti et al., 1990; Blumetti and Guerrieri,
evidence testifies a Miocene activity of the fault,  fault activity triggered by gravitational re-equil- ~ 2007), which has been used as the most impor-
we cannot rule out that an important amount of  ibration involving the collapse of the backlimb  tant evidence for inferring fault activity, may
the cumulative vertical separation was produced  of a thrust-related anticline over a growing anti-  actually be related to the differential resistance
at a later stage (i.e., during Pliocene—Quater-  formal stack in its subsurface. The development  to erosion of the two fault blocks (refer to the
nary times). Pre-thrusting normal faults of this  of new thrust sheets at depth would have caused  geological map of Fig. 5). Indeed, the central
type, interacting with the evolving thrust belt  uplift and hinterlandward tilting of the overlying ~ Apennines include well-known examples of
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fault (bifurcating into two shallow splays in B) rejoins the thrust at depth. In (A) the hypocenter distribution, projected along strike (155°)
onto the seismic section, shows the Campotosto Seismic Zone (CSZ) seismicity (falling in the 5-12 km depth range) to be completely
unrelated with the overlying MGF. DP—data position; Fm.—Formation; Mw—moment magnitude; TWT—two-way travel time.

large normal faults (e.g., the Montagna dei Fiori
and the Leonessa faults) displaying morpho-
logically evident fault scarps that are actually
the result of lithologically controlled differential
erosion; these faults are no longer considered
active (e.g., Fubelli et al., 2009).

Further debatable geomorphological con-
siderations influenced the interpretation of the
recent evolution of the MGFE. For example, the
more pronounced morphological evidence of the
fault scarp in the Campotosto area was attributed
to the greater Pleistocene activity of the south-
ern sector of the MGF (Campotosto Fault) with
respect to the northern sector (Amatrice Fault)
(Boncio et al., 2004b; Falcucci et al., 2018).
However, the recent seismic events suggest that
the evolution of the Amatrice basin is related to
the southern tip of the MVF (Anzidei and Pon-
drelli, 2016; Tung, and Masterlark, 2018), while
the Campotosto basin is related to the seismo-
genic sources of the CSZ. Moreover, the MGF
did not show clear evidence of surface faulting
during the 2016-Amatrice-Visso-Norcia seismic
sequences (Aringoli et al., 2016; Livio et al.,
2016; Villani et al., 2018) that strongly affected
the Amatrice basin (Cheloni et al., 2019). Paleo-
seismological studies documented faulting of
recent (Holocene) continental deposits, unique to
a trench site along the MGF (Galadini and Galli,
2003). Both the fault scarp and local surface
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faulting phenomena may be considered passive
and associated with shaking during strong earth-
quakes (due to settling caused by overall sink-
ing of the area). As already stated above, simi-
lar passive displacements occurred during the
2009-L Aquila seismic sequence: several normal
faults in the epicentral area displayed surface
evidence of ruptures cutting Holocene deposits
and exposure of free faces (EMERGEO Work-
ing Group, 2009; EMERGEO Working Group,
2010; Papanikolaou et al., 2010), although the
seismogenic source was represented by the PE.
In any case, Holocene tectonic activity of part
of the MGF at the surface cannot be completely
ruled out. In fact, taking into account the struc-
tural position, a vertical linkage between the
deep normal faults of the CSZ and the south-
ern sector of the MGF is possible (Campotosto
Fault, Galadini and Galli, 2003). This eventu-
ality is supported by recent works by Falcucci
et al. (2018) and Cheloni et al. (2019). The
former reported new morphotectonic observa-
tions which supports evidence of an already
well known “continuous major scarp” (Bachetti
et al., 1990) associated with the southern sector
of the MGF (i.e., the Campotosto Fault), with
some morphological differences with respect
to the northern one (i.e., the Amatrice Fault).
According to these authors, the different mor-
phological expression of the fault scarp in the
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two sectors is related to a different and inde-
pendent slip behavior of the two fault segments
in recent times. As already discussed, these
differences may be associated with a different
slip behavior—with related surface deforma-
tion and differential erosion—of the deep seis-
mogenic sources located beneath the two areas
(i.e., the southern tip of MVF and the CSZ).
Such morphological differences could be fur-
ther enhanced by a linkage between the deep
seismogenic sources of the CSZ and the south-
ern sector of the MGF in the Campotosto area.
Based on InSAR and GPS data, Cheloni et al.
(2019) concluded that surface deformation dur-
ing the 2017 Campotosto seismic swarm is com-
patible with a continuous fault plane from depth
to the surface. However, we believe that due to
the location of the deep seismogenic sources of
the CSZ—with respect to the surface position
of the southern sector of MGF—it is difficult
to discriminate between the different possible
scenarios. According to our high-resolution
seismological and geological data sets acquired
in relation to the recent earthquake sequences, a
linkage between the deep seismogenic sources
and the outcropping southern sector of the MGF
is not proved, also because the geometry and the
spatial relationship of the seismogenic sources
of the CSZ define a large fractured zone (Fig. 3)
not identifiable with a planar structure that could
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easily link with the MGF at the surface. Regard-
less, even in the case where part of the MGF was
actually reactivated during the current tectonic
phase, our results demonstrate Miocene synsed-
imentary activity for this fault. The implications
for seismic hazard assessment are that: (a) the
length of the MGF cannot be used to evaluate
the maximum expected magnitude of the area;
(b) the possible primary surface effects cannot
be scaled with the length of the MGF and are,
consequently, moderate; and (c) the MGF does
not represent a silent fault, nor a seismic gap.
As described above, the study region is a
structurally composite area including folds and
thrusts, as well as pre-, syn-, and post-thrusting
normal faults. With this respect, the discontinu-
ous, “immature” (i.e., not fully linked) fault sys-
tem mapped in the study area probably results
not only from the young age of post-orogenic
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extension in the Apennines, but also from the
decoupling effect of multiple décollement lev-
els and strong rheological contrasts typically
characterizing preexisting fold and thrust belts
affected by post-orogenic extensional fault sys-
tems (e.g., Tavani, 2012; Ascione et al., 2013).
We may conclude our discussion quoting Gala-
dini and Messina (2001), who stated that not
accurately defining the structural evolution of
the inherited, multiply reactivated structures—
such as the MGF of this study—that are com-
mon in the Apennines “would imply wrong
conclusions for both the fault geometry and
kinematics which may be delivered for seis-
motectonics and seismic hazard assessment.
This typically leads to overestimating the fault
length and the expected magnitude, or to the
increase in the number of seismogenic sources
affecting an area.”
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CONCLUSIONS

The seismic sequences that occurred in central
Italy in the last decades provided new, funda-
mental seismological and geological constraints
to: (a) verify/validate the earthquake geological
studies carried out prior to the seismic events, (b)
improve our knowledge on the seismotectonic
setting of central Italy, and (c) better understand
fault interaction and growth processes. The main
outcomes of this study are listed below.

(1) The geometry, kinematics, and dimension
of the seismogenic faults responsible for the
largest earthquakes can be coherently evaluated
by the interpretation of the highly fragmented
active and capable fault system at the surface, as
previously envisaged by Tondi (2000) and Bon-
cio et al. (2004a).

(2) Coherent and interacting fault systems,
composed of several seismogenic faults, can
be usefully studied to obtain an estimate of
the recurrence intervals for large earthquakes
in regions of active extension such as the
Apennines.

(3) The seismotectonic setting of the epicen-
tral area of the 2009-L'Aquila and 2016-Ama-
trice-Visso-Norcia earthquakes is characterized
by two interacting and growing seismogenic
faults (PF and MVF), with the Campotosto link-
age fault zone located in between.

(4) Based on underlap dimension, the seis-
mogenic potential of the Campotosto area is in
the order of Mw = 6.0 (even in the case where
all the faults belonging to the linkage zone were
activated simultaneously).

(5) The prominent structural feature exposed
in the Campotosto area, i.e., the MGF, preserves
evidence of early (pre- to syn-thrusting) activity
and does not represent the surface expression of
a seismogenic source identifiable as a seismic
gap between the PF and MVFE.

(6) The tips of the two major, isolated faults
are surrounded by a “mega-process zone”
formed by a fractured rock volume at the scale
of the seismogenic crust. This volume includes
seismically active minor faults that grow up pro-
gressively and may be envisaged to eventually
join together to form a continuous, longer fault
by linking the two preexisting major faults. The
high-resolution seismological data discussed in
this study suggest that the linkage of initially
isolated major faults does not occur simply by
the lateral propagation of their tips within the
interposed crustal volume, as minor fault seg-
ments that formed in the incipient stages of fault
interaction are likely to play a primary role in the
composite and articulated linkage process occur-
ring in the underlap region.

This study shows how the resolution of geo-
logical analysis for seismic hazard evaluation
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greatly benefited from the contribution of new
seismological data sets provided by the earth-
quake sequences of the last decades. These fur-
nished additional constraints for an effective and
more circumstantial individuation of active and
capable faults in central Italy, thereby leading to
a more comprehensive picture of seismotectonic
behavior. The crustal volume hosting an active
zone of incipient linkage (underlap) between two
large seismogenic faults is imaged with unprec-
edented resolution, in 4-D, by the recent seismo-
logical data sets. This may allow earth scientists
to gain useful insights into the processes of fault
interaction and related seismicity during early
(Fossen and Rotevatn, 2016) linkage stages.
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