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Abstract The potential role of subsequent tectonic phases in reworking inherited geological structures is
a key issue to unravel the seismotectonics of an area. This has a direct connection with fault segmentation,
earthquakes maximum magnitude, and strong implications for seismic hazard assessment. The central
Apennines (Italy) represent an exemplary case, since it developed because of the overprint of different
deformational phases, producing potential conditions for episodic tectonic inversions and a very complex
structural architecture. In this paper, we show how inherited compressional structures, still dominating the
Apennines belt architecture, interfere with the active extension, having a direct connection with active
seismotectonics. We present seismicity and new velocity tomograms of an 80-km-long section of the normal
fault system activated during the 2009 and 2016–2018 seismic sequences. The joint interpretation highlights
how the extensional seismic sequences partially reactivated inherited compressive structures, which have
not an undisputable relationship with the surficial geological setting. Complexity deriving from the irregular
geometry of normal faults and inverted thrust ramps is responsible for the observed intense fragmentation
of the extensional system. Fluid overpressure seems to be a viable mechanism behind the partial
remobilization of unbroken segments of the fault system.

1. Introduction

Broad mountain belts characterized by diffuse deformation and seismicity suggest that continental
deformation is a complex process related to strong lateral variations of lithosphere structure and its rheology
(Brace & Kohlstedt, 1980; Cloetingh & Burov, 1996; Jackson, 1995; Ranalli & Murphy, 1987; Ziegler et al., 1995).
In this wide context, the preexisting faults and shear zones may act as main long-living lithospheric
weaknesses during the orogen development, also favoring reactivation episodes and tectonic inversions
(Pfiffner, 2017, and references therein).

The reactivation of inherited structures has deep implications both during compressional and extensional
phases (e.g., Coward, 1994; Jackson, 1980). Indeed, the fault irregular geometry, the favorable or unfavorable
orientation within the active stress regime, and the fault length play an important role on the fault
segmentation and maximum magnitude of individual earthquakes (e.g., Cowie et al., 2012;
Martínez-Garzón et al., 2015). Focusing on the Mediterranean orogens, clear examples of positive inversions
are widely documented where large normal faults of the tethysian margin were reactivated during the
thrust-and-fold belt formation (Butler et al., 2004; Butler & Mazzoli, 2006; Coward, 1994; Mazzoli et al., 2000).

In this context, the continuous recycling of preexisting structures is potentially common also for the
Apennines, since episodes of extension and compression alternated in space and time during the Tethys
evolution first, and in the more recent Apennines mountain chain building (Di Domenica et al., 2012;
Scisciani, 2009).

Previous episodes of large-scale extensional faults developed during the Permo-Triassic incipient stages of
Tethys ocean formation along the Adria continental margins (e.g., Calamita et al., 2003, and references
therein). Even if their existence has been widely invoked in order to explain the surficial architecture of
peculiar sedimentary successions pointing to the existence of structural highs and lows, the distribution of
those structures and their orientation is still poorly constrained. A second set of extensional faults have been
associated to the Miocene bending of the Adria paleo margin foreland domain before the Apennines
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compression (Bigi et al., 2011; Scisciani et al., 2014). The general migration of the coupled pair of extension
and compression during Apennines buildup phase often led areas previously deformed in compression to
be the site of extension, and vice versa (e.g., Barchi et al., 1998).

Seismological observations show that past decades normal faulting earthquakes interfere with the
preexisting thrust-related structures (Chiarabba & Amato, 2003). Such process enhances the fault
segmentations and complexities during the rupture evolution, like those observed in the recent large
earthquakes of the Apennines (Cheloni et al., 2017; Chiaraluce et al., 2017; Pizzi et al., 2017; Scognamiglio
et al., 2018; Tinti et al., 2016).

Multiple mainshock sequences are common expression of the Apennines tectonics and widely documented
by historical (Rovida et al., 2011) and recent seismicity (Chiarabba et al., 2015). The enduring energy release
pattern testifies for a complex interaction between adjacent faults and triggering phenomena, which include
static and dynamic stress transfer between faults (Freed, 2005) and pore fluid pressure migration (Chiarabba
et al., 2009; Di Luccio et al., 2010; Malagnini et al., 2012).

During the past decades, several M > 5.5 normal faulting earthquakes ruptured contiguous portions of the
NW trending central Apennines extensional system (Figure 1a), basically segmented at a kilometer scale, such
as the Mw6.1 2009 L’Aquila (Chiarabba et al., 2009; Valoroso et al., 2013) and the Mw6.1 to Mw6.5 2016
Amatrice (Tinti et al., 2016), and Norcia earthquakes (Scognamiglio et al., 2018). The normal faulting systems
are set on top of a delaminating Adria lithosphere (Carannante et al., 2013; Chiarabba & Chiodini, 2013;
Chiarabba et al., 2005), which provides the mechanism to the downwarping of the Adria crust and the uplift
and tilting of the thrust units accreted to the mountain range (Figure 1b).

The aim of this study is to provide an original view of normal faulting mechanisms in the Apennines, trying to
address how structural complexities influence the interaction between adjacent faults and triggering
processes, giving also elements that might be useful for short-term hazard scenarios.

We show the present-day architecture of the normal faulting system by combining high-resolution velocity
models with high-quality earthquake locations (Valoroso et al., 2013) from the 2009 normal faulting
L’Aquila earthquake sequences. We focus on the Monti della Laga-Gorzano fault (MLGf) as a prominent
unbroken segment of the 150-km-long system, which was partially interested by the 2009 and the
2016–2017 seismic sequences.

2. Geologic Outline

During the Neogene evolution of the Apennines, compression of the Adria continental margin generated
large-scale noncylindrical thrust-and-fold structures, mainly involvingMeso-Cenozoic sedimentary sequences
(Bally et al., 1986; Centamore et al., 1993; Castellarin et al., 1978; Centamore et al., 1993). The deep structure of
the central Apennines, as well as the deformation styles (thick- vs. thin-skinned tectonics), is still debated
within the scientific community (Barchi et al., 1998; Butler et al., 2004; Pfiffner, 2017; Scrocca et al., 2003).

Following the thin-skinned view, compression progressively migrated eastward, with generation of
in-sequence sets of relatively shallow low dipping thrusts (Doglioni, 1991; Patacca et al., 1990; Scrocca
et al., 2007). On the other hand, the thick-skinned models imply the involvement of the basement with
preexisting extensional faults of the tethysian continental margin partially inverted and rotated (Calamita
et al., 2003; Di Domenica et al., 2012; Scisciani et al., 2014). Although the debate is still vivid, some authors
(e.g., Calabrò et al., 2003; Scrocca et al., 2005; Shiner et al., 2004; Tozer et al., 2002) proposed mixed models
comprehending subsequent thin- and thick-skinned tectonic styles for the central and southern Apennines.

During Late Pliocene and Quaternary, widespread extension propagated through the belt, with the
development of several intrachain basins and crustal-scale normal faults (Mazzoli et al., 2000). Currently
active extension develops on NW trending fault systems that run along the mountain range dislocating
the compressional edifice (Figure 1). While surface topography is still mimicking the thrust-related
deep-rooted folds, intramountain basins mark the activity of range-bounding normal faults (Bosi et al.,
2003; Palumbo et al., 2004; Pucci et al., 2014). Large earthquakes of the last three decades ruptured 10- to
25-km-long contiguous fault segments reaching an about 150-km-long section of the belt (Figure 1a).
However, one fault segment remained particularly silent, that is, a NNW trending lineament at the base of
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the Laga mountain range called MLGf (Galadini & Galli, 2003). Although Bigi et al. (2011) estimated a
maximum cumulative offset of about 1,000 m for this fault, a detailed timing of fault activity remains
uncertain. Its surface expression and activity and the connection with deep structures and relationship
with the seismicity have been discussed and questioned in the recent literature (Bigi et al., 2013, 2011;
Improta et al., 2012). The MLGf encompasses the northern segment of the 2009 L’Aquila seismic sequence
(i.e., Campotosto segment in Valoroso et al., 2013) and the southern termination of the normal fault
system activated on August 2016 during the 2016–2017 central Italy one. In particular, on January 2017 this
area experienced four MW > 5 earthquakes (green stars in Figure 1). Although Bigi et al. (2013) deeply
discussed about the surface expression of the fault and the deep segment along which the 2009 seismicity
developed, other authors, based on geological and paleoseismological data, pose evidences that Mw > 6.5
earthquakes can develop on this fault (Galadini & Galli, 2003).

Figure 1. (a) Seismicity of past decades in central Apennines (modified from Chiarabba et al., 2015). Large-magnitude
events are shown. (b) Seismicity distribution and velocity images along two transects crossing the central Apennines
(modified from Carannante et al., 2013) describing large-scale tectonic processes currently affecting the orogeny.
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3. Earthquake Catalog and Tomographic Models

During the 2009 L’Aquila earthquake sequence, a huge amount of seismo-
logicalt data was recorded by a dense temporary network (Chiaraluce
et al., 2011; Margheriti et al., 2011) and processed to extract one of the
top data sets for normal faulting earthquakes (Valoroso et al., 2013). In
order to compute tomographic models, we use data recorded at up to
108 permanent and temporary stations, relative to about 2,000 ML > 2.5
aftershocks recorded in the first 3 months of the seismic sequence. The
high-quality data set extends the model resolution to an area wider than
that previously obtained with a smaller number of data by Di Stefano
et al. (2011). Our new model improves the resolution of the one proposed
by Carannante et al. (2013; 15 × 15 × 4 km) for the overlapping area. We
inverted a total of 59,044 P waves and 29,833 S wave arrivals to resolve a
5 × 5-km horizontal grid of nodes with vertical layers spaced every 2 km
(Figure 2). A final root-mean-square of 0.10 s with a variance improvement
of 57% was reached after four iteration steps, using the linearized,
iterative, damped least squares inversion method Simulps-14q (Eberhart-
Phillips & Reyners, 1997, and references therein) to simultaneously deter-
mine three-dimensional Vp and Vp/Vs models and earthquake locations.

To assess model resolution and reliability, the full resolution matrix
(Toomey & Foulger, 1989) has been analyzed, selecting the value of spread
function (spf) that encompasses the well-resolved volumes of the Vp and
Vp/Vs models. Visually inspecting the averaging vectors (Toomey &
Foulger, 1989), we select a very conservative value of the spf threshold
for well-resolved parameters (1.5), much smaller than the value indicative
of good resolution by the analysis (spf = 2.0, white line in Figure 3).

Tomographic models show P wave velocity and Vp/Vs continuously varying within the target volume.
Geological discontinuities like faults appear in tomograms as velocity gradients rather than sharp velocity
changes. Thus, their tentative interpretation is principally constrained by the general shape of velocity
anomalies. Positive compressional structures appear as relatively large length Vp anomalies in tomograms
(Figure 4), averaging over smaller-scale details like imbricated or thrust stack systems that cannot be indivi-
dually imaged. Conversely, the extensional structures are mostly represented by negative and relatively more
squared Vp anomalies. In this study, we anchored the interpretation with independent data available from
seismic profiles and deep wells (see Bigi et al., 2013, 2011; Mariucci & Montone, 2016; Porreca et al., 2018).
According to P wave velocity for the lithologies of the area (Bally et al., 1986; Barchi et al., 1998; Latorre
et al., 2016), we associate Vp = 5.5–6.5 km/s to carbonate and dolomite rocks and Vp = 3.5–4 km/s to Laga
turbidites. The Vp range between 4.0 and 5.5 km/s can be associated to the Umbria-Marche Succession,
mostly made of alternations of shallow-to-deep calcareous and clayey units. These values are also in
agreement with broad-scale geologic reconstructions (Bigi et al., 2011; Scisciani & Montelfalcone, 2005).
This correspondence is verifiable for most of the resolved volume, as we observe through the consistence
between the tomograms velocity distribution around the Varoni-1 well area and the well velocity distribution
(section 1 in Figure 4). Anyway, the velocity of the topmost layer in some regions (i.e., the Gran Sasso range)
cannot be fully resolved for the lack of data coverage.

We focus on the relationship between the crustal structure and seismicity, comparing the new high-
resolution Vp and Vp/Vs models with the high-precision aftershock catalog of Valoroso et al. (2013). It consists
of relative relocations for more than 60k events, characterized by a ML0.7 completeness magnitude and by a
location accuracy on the order of tens to hundreds of meters.

4. Deep Structure and Geometry of the Normal Fault System

During the 2009 sequence, earthquakes originated in the topmost 10 km of the crust on two en echelon SW
dipping and NW trending fault segments, corresponding to the surface expression of the Paganica fault

Figure 2. Tomographic inversion model setup: grid nodes (crosses) and seis-
mic stations (triangles). The 2009 seismicity from Valoroso et al. (2013; gray
dots). Normal faults traces (red lines) and principal thrust superficial traces
(Sibillini and Gran Sasso systems, black solid lines) are reported (after
Centamore et al., 1992; Di Domenica et al., 2012; Valoroso et al., 2013. Deep
wells locations (green squares) and traces of vertical velocity profiles shown
in Figure 4.

10.1029/2018TC005053Tectonics

BUTTINELLI ET AL. 4



Figure 3. Map velocity distribution at 4-, 6-, and 8-km depths for Vp (left panels) and Vp/Vs (right panels). Seismicity
occurred at ±1 km from each layer is plotted (after Valoroso et al., 2013). Velocity contour lines at 0.2 km/s for Vp and
0.02 for Vp/Vs. The well-resolved volume is defined by spread functions (white solid line for Vp and red solid line for Vp/Vs)
enclosing 70% of the diagonal elements (see also Eberhart-Phillips & Reyners, 1997). Black solid lines represent the surface
expression of main extensional faults. Dotted lines represent main buried thrusts lineaments interpreted by tomography.
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Figure 4. Vertical sections of Vpmodel across the MLGf (1–3) and PAGf (4–6 traces in Figure 2). The stratigraphy of the deep
wells is used to constrain the interpretation. White lines refer to the top of the Triassic evaporates (TEv). Aftershocks
from Valoroso et al. (2013) are shown as black dots. The main faults, drawn jointly interpreting tomograms and seismicity,
are represented by solid (highly constrained) and dashed (more inferred) red lines. Downhole velocities available for
Varoni-1 and Campotosto-1 wells are reported after Mariucci and Montone (2016). MLGf = Monti della Laga-Gorzano fault;
PAGf = Paganica fault.
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(PAGf, Figure 3) and northward spreading to the MLGf. Velocity pattern shows that the overall geometry of
the upper crust is still dominated by compressive features (Figure 3). The high resolution allows retrieving
the geometry of geological structures even at a scale of few kilometers, much smaller than that obtained
by previous works (e.g., Carannante et al., 2013). Between 4- and 8-km depths, N-S trending thrusts
dislocate the Mesozoic carbonate multilayer and the basement, up to the Gran Sasso Mountain range
(Figure 3). These compressive structures bound the expression of the MLGf and PAGf segments confining
the seismicity distribution.

4.1. The MLGf Segment

The geological evidences of the MLGf segment have been investigated by previous works (Bigi et al., 2013;
Boncio, Lavecchia, Milana, & Rozzi, 2004; Boncio, Lavecchia, & Pace, 2004; Falcucci et al., 2018; Galadini &
Galli, 2003; Lavecchia et al., 2016). This fault segment was also the site of several moderate-magnitude earth-
quakes (Mw< 5.5) during the 2009 and 2016–2018 seismic sequences (see Figure 5). Earthquakes aligned on
an about 15-km-long NNW trending fault, confined between 5- and 10-km depths (see also Valoroso et al.,
2013). The closeness to the Campotosto artificial lake dam (the second artificial water reservoir in Europe
for extension) represents a main issue that requires a full understanding of seismic potential of the area, also
in reason of the increased public concern and seismic hazard perception during the last seismic sequence.

Figure 5. Synthetic map of the area showing the principal structural elements. Solid black are thrusts: Sit (Sibillini), Vnt (Val
Nerina), Gst (Gran Sasso); solid red are normal faults: MLGf (Monti della Laga-Gorzano), Asgf (Assergi), Cptf (Capitignano),
SGvf (San Giovanni), PzBf (Pizzoli-Barete), Pttf (Pettino), VtBf (Mt.Vettore-Bove system), Ncf = Norcia system, Lnf
(Leonessa), PAGf (Paganica), MtFf (Monticchio-Fossa). Dashed lines represent buried thrusts and back thrusts: Act
(Acquasanta), Mot (Mon-tagna dei fiori), Tt (Teramo), after Bigi et al. (2013) and consistent with the interpretation of velocity
tomograms in Figure 4. Larger earthquakes that occurred in 2009 and 2016–2017 are shown as stars. The 2009 aftershocks
are represented by cyan-to-pink dots (Valoroso et al., 2013), while green dots (without a color code for the lower
resolution of hypocentral depths) are for 2016–2017 aftershocks sequence (Chiaraluce et al., 2017). Deep wells are shown
(A1 = Antrodoco 1, V1 = Varoni 1, C1 = Campotosto 1).
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Velocity anomalies across the area (Figure 4) reveal three main thrust
systems, in accordance with the geological interpretation of seismic
profiles (Bigi et al., 2011). Those structures are traceable down to 9-km
depth suggesting the involvement of the basement (Figure 4). The three
systems consist of main east verging thrusts with associated west verging
back thrusts. From east to west the deeper and more external is the
Teramo thrust (Tt); an intermediate one forming the Montagna dei Fiori
(Mot) and the shallower one forming the Acquasanta (Act) anticline. A
more internal structure is resolved to the west of the Gorzano Mountain,
entirely buried beneath the Laga basin (Figure 4, section 1), defined by a
bumped velocity pattern between 3- and 6-km depths. Since the high Vp
body (top of the blue body in section 1) is shallower in the fault footwall,
we hypothesize that this can be representative of a large-scale normal
fault bordering a Mesozoic structural high. Velocity warping and bumping
in the hanging wall also indicate a not complete positive inversion of the
fault during the compressional phase (Figure 4, sections 1 to 3). We inter-
pret this inverted segment as one of the first compressive structures of the
area, subsequently affected by compression on the more external systems.

Following this reconstruction, the Gorzano Mountain is the expression of
the paired system of NS trending thrust and back thrust (Act) that are
responsible for the uplift of the antiform (Figures 4 and 5). Part of the dis-

location observable at the surface, largely associated to the activity of the MLGf, can be then addressed to this
compressional phase.

The 2009 seismicity developed in fact along the Act deep ramp, suggesting a further ongoing negative inver-
sion of the ramp (sections 1–3 in Figure 4). Intriguingly, seismicity is confined between 5 and 10 km of depth,
while no events are located at shallow depths (between 0 and 5 km), despite the very low completeness mag-
nitude (ML0.7) of the 2009 aftershock catalog. This might suggest a lack of vertical continuity between deep
and shallow portion of the MLGf. We remark that the upper termination of the deep ramp potentially coin-
cides with the upper tip of the back thrust that originally uplifted the Gorzano structure (Figure 6). In this
view, the January 2017 larger-magnitude earthquakes (green stars in Figure 5) occurred at the northwestern
termination of the MLGf fault activated in 2009. The recent large earthquakes developed on the same deep
ramp activated in 2009, with hypocenters mostly located at the lower tip of the previous seismicity (Figure 6).
The updip prolongation of the deep ramp matches with the MLGf superficial expression, but we cannot
address further either the continuity of the fault or the shallow detachment, as suggested by Bigi et al. (2013).

4.2. The PAGf Segment

This segment ruptured during the 2009 MW6.1 mainshock that propagated for about 16 km along strike
(Cirella et al., 2012). The progressive transition from the Monti della Laga to the Gran Sasso structures is
unraveled by the velocity models in sections 3 to 5 (Figure 4). The external Tt, Mot, and Act thrust systems
continue southward plunging below the Gran Sasso mountain range. Prolonged activity of these thrusts
was responsible for the current topography, with uplift and tilt of the entire structure in agreement with
the Cardello and Doglioni (2015) model.

Here the positive tectonic inversion seems to play a minor role with respect to the northern areas. In fact, the
velocity anomaly associated to the PAGf preserves the original extensional features (Figure 4, section 5). To
the east, SW dipping faults are rooted within the high Vp basement. In this central area (Figure 4, section 4),
seismicity and velocity pattern suggest the existence of preserved extensional highs and lows of the
Mesozoic carbonate multilayer and basement, of which the PAGf is the principal feature.

At the southern termination of the segment (Figure 4, sections 5 and 6), seismicity spreads at the border of a
high Vp anomaly centered beneath the Sirente Mountain range. In this section, the Mesozoic normal fault has
been inverted during the thrusting episode. Aftershocks spread over a large volume around the inverted
ramp and along the shallow subhorizontal flat portion of the thrust. Underneath the Gran Sasso range, the
southern continuation of the NS thrust (Mot) is still visible at the southern termination of the PAGf segment.

Figure 6. Zoom on the Monti della Laga-Gorzano fault segment, showing
the main structural elements (trace line in Figure 5). Note that the
seismicity occurred in 2009 (black dots) and the largest earthquakes of 2009
and 2017 (stars) are located on the deep ramp, below 5-km-depth. Dotted
line (Tev) represents the top of the Triassic evaporites also interpreted in
Figure 4. Thick dashed lines represent the interpolation of main fault traces
from surficial data. Thin dashed lines represent main shallow thrusts
interpreted in Figure 4.
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5. Discussion

Earthquakes interaction and remobilization of relict faults represent a challenging issue for the accurate
assessment of seismic hazard. Fault interaction may lead to multiple mainshock sequences as frequently
observed worldwide (e.g., Fletcher et al., 2016; Hamling et al., 2017; Sieh et al., 1993).

In the Apennines, multiple shocks came along with repeated tectonic changes that likely create the
conditions for fault inversion. The currently active extensional belt (D’Agostino et al., 2009; Serpelloni et al.,
2005) spreads on the mountain range, whose architecture derives from repeated episodes of compression
(e.g., Bigi et al., 2011; Cardello & Doglioni, 2015; Scisciani et al., 2014).

Velocity tomograms and refined hypocenter locations show deformation on a variety of fault segments and
strands whose degree of complexity agrees with that observed by field geology (see also Valoroso et al.,
2014). We observe Vp patterns (warping and bumping of velocity anomalies), which might be interpreted
as evidence for flat and ramp thrust systems that originated during compression by recycling preexisting
normal faults bordering Mesozoic structural highs (Figure 4) and connected to shallow low angle flats.
During the Apennines compression, the propagation of thrusts interfered and was limited by high-velocity
heterogeneities of the basement presumably generated during the Mesozoic rifting of the continental
lithosphere, conditioning the lateral extent and the propagation of faults.

In the present-day extension, the lateral extent of normal faults outlined by aftershock distribution is limited
by the NS trending thrusts (Figure 5), that causes a first-order segmentation of the normal faulting belt (see
also Chiarabba & Amato, 2003). Repeated and doubled inversion of preexisting structures during the former
compression and the current extension induced a fragmentation of the belt.

North of the Gran Sasso Range, mainly N-S thrust ramps currently slip as extensional faults (Scisciani et al.,
2014). Those structures apparently continue for several kilometers beneath the thin-skinned structures of
the Gran Sasso range (see tomograms of Figure 4 and Mot of Figure 5), as also proposed by Cardello and
Doglioni (2015), which is in contrast with the low-shortening model proposed by Scisciani et al. (2014).
Conversely, in the surroundings of PAGf, the active normal faults are generally trending NW-SE, reactivate
previous thrust ramps, which in turn reactivated Mesozoic inherited normal faults with more clear evidences.
One interesting point of discussion (which is not the direct focus of this work) is if those faults at the depths of
6–8 km affect the Platform units of Gran Sasso or the underlying units (e.g., Mot in Figure 5).

Velocity models interpretation reinforces the hypothesis that normal faults segmentation is due to
intersection with NS trending thrust faults that often bisect older NW trending extensional systems. This is
particularly evident for the southern termination of the PAGf, where the 2009 coseismic rupture abruptly
terminates at the intersection with the Mot thrust (Figures 3 and 4) in correspondence of a more complex
network of small fractures and faults (Valoroso et al., 2014). The limited lateral and vertical continuity of
preexisting ramps, and the nonoptimal orientation within the mostly NE-SW oriented current extensional
stress field (Mariucci & Montone, 2016), might result in a promotion of multiple mainshocks rather than
large ruptures.

In this context, the identification of active faults from surface evidences is challenging. This ambiguity is
exemplary for the MLGf segment, developed on the hanging wall of inherited compressive structures, where
M > 6.5 earthquakes are hypothesized to occur (Galadini & Galli, 2003). The updip continuation of the deep
ramp coincides with the surface fault expression that is still missing seismicity, both for 2009 and 2016–2018
seismic sequences. Seismicity that remained confined at depth greater than 5–6 km (Figure 6) might
question the updip continuation of the fault.

We have explored different triggering mechanisms for the MLGf segment, including stress transfer (Stein,
1999; Toda et al., 2005) and pore fluid pressure migration (Chiarabba et al., 2009; Di Luccio et al., 2010;
Malagnini et al., 2012; Miller et al., 2004). Wemodeled static stress changes on the fault, which were produced
by all the large-magnitude earthquakes that occurred along the system since 2009 L’Aquila sequence (see
the appendix for method). The stress increase reaches a maximum value of 0.8 MPa on the northern patches
of the MLGf plane (Figure 7), while the southeastern portion of the ramp interested by the early 2017
seismicity was not significantly loaded. As a comparison, the stress variations accumulated before the
occurrence of the October 2016 earthquakes shows increases up to 15 MPa (Figure 7). The evaluated
ΔCFFs on the MLGf are 1 order of magnitude lower than the one computed on the October events fault
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planes. Effectively, the higher stress values are located in the northern portion of the fault, where, 65 days
after the Amatrice earthquake, the 26 October Visso earthquake occurred. Anyway, the calculated value of
0.8 MPa is not negligible with respect to the minimum stress variation needed to generate seismicity on a
critically stressed fault (0.01 MPa, e.g., Hardebeck et al., 1998).

In order to investigate fluid pressure trigger mechanism, we analyze the time change of Vp/Vs anomalies on
the fault segment. We subdivided the entire period into two subepochs (Inversions labeled RealA and RealB,
Figure 8), before and after the large shock occurred on the MLGf segment (theMw5.6 shock on 9 April 2009).
We used a total of 734 and 768 earthquakes for the two inversions, trying to achieve a similar spatial
distribution and sampling as homogeneously as possible the target volume. This aspect is critical since
hypocentral differences between earthquakes may result in projecting spatial difference of material
properties into apparent temporal changes. Careful analysis of model resolution and synthetic tests confirm
the reliability of time lapse imaging. Restore test indicates that the Vp/Vs anomalies are similarly reproduced,
both in geometry and amplitude, for the two inversions (Figure 8). We obtained variance improvement of
53% and 60% and final root-mean-square of 0.11 and 010 s for RealA and RealB inversions, respectively.

Although the general trend of Vp/Vs anomalies in the two epochs is similar to that observed for the entire
period (Figure 3), the prominent high Vp/Vs on the fault segment is visible only before the 9 April 2009
Mw5.6 earthquake (RealA in Figure 8). This anomaly sharply disappears after the large shock, reinforcing
the hypothesis of fluid-triggering mechanism.

Figure 7. ΔCFF analysis results showing (1) the static stress changes calculated on the 2016 October fault planes due
to the activation of the 24 August 2016 and October 2016 fault planes; (2) the stress changes on the Monti della
laga-Gorzano fault plane due to 6 April 2009, the 24 August 2016, and the October 2016 earthquakes. CFF = Coulomb
failure function.
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No evident coseismic ruptures have been observed and no slip was modeled for the shallow portion of the
MLGf, neither during the 2009 nor in the 2016–2017 sequences (Cheloni et al., 2017; Chiaraluce et al., 2017;
Falcucci et al., 2016, 2009; Huang et al., 2017; Pucci et al., 2017). The maximum stress increase of about
0.8 MPa on the northern tip of the fault was then accumulated prevalently after the closest 24 August
Amatrice earthquake (Figure 7). Assuming similar tectonic rates and an elapsed time since the last large
earthquake on the MLGf not smaller than that on the Vettore fault system (at least in the last 1,500 years,
see Galadini & Galli, 2003), a similar static stress increase (about 0.8 and 15 MPa, respectively) resulted in
different potential triggering for the two faults. These evidences reinforce a more efficient Coulomb failure
function (CFF) trigger mechanism on the Visso-Norcia fault planes with respect to the MLGf system.

On the other hand, we observe transient high Vp/Vs anomalies in the deeper part of the MLGf footwall
(Figure 8) that we interpreted as overpressurized fluids. This might suggest a process similar to that observed
during the 1997 Colfiorito (Chiarabba et al., 2009; Miller et al., 2004), the 2009 L’Aquila (Malagnini et al., 2012)

Figure 8. Vp/Vs models at 8-km depth computed before (RealA, top left panel) and after (RealB, top right panel) the large
shock of April 2009 on the MLGf (yellow star). Earthquakes that occurred at those depths in the two periods are shown
as black dots. Black lines are the surface traces of the MLGf and PAGf. Note the positive anomaly present on the segment
before the event that vanishes in the period after. On the bottom panels, recovering of synthetic anomalies, which
input is the model in RealA, for the two periods. Similar reproduction of features indicates similar resolution. MLGf = Monti
della Laga-Gorzano fault; PAGf = Paganica fault.
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and the 2012 Emilia sequences (Pezzo et al., 2018), where the partial activation of the segment was
interpreted as due to pore pressure diffusion. In this view, the transient pore pressure pulse for the 2009 large
shock on the MLGf can be invoked as a viable triggering mechanism for multiple ruptures, as recently
described by Walters et al. (2018) either for long clustered super seismic sequences (Chiarabba et al., 2011).

6. Conclusions

We investigate faulting mechanisms and interaction in a key area of the central Apennines where large
earthquakes progressively propagated along a 150-km-long section of the normal faulting system. Fault
segmentation during rupture evolution is mainly controlled by interference between inherited faults, derived
from either the Mesozoic extension or the Miocene compression. We reveal a high Vp pristine Mesozoic
structural high that conditioned the compressional tectonic phase with positive inversion of the bordering
normal faults. Currently, deep normal faults and seismicity are rooted down to the base of these large and
extremely high Vp bodies.

Since contiguous segments of the normal faulting system ruptured during past decades (i.e., the 2009
L’Aquila and 2016–2018 Amatrice earthquakes), the attention of scientific community started focusing on
the unbroken segment of the MLGf. Our investigations suggest the lack of mechanical continuity between
the deep ramp and the shallow expression of the fault, posing questions to the actual fault dimensions
and the potential maximummagnitude still pending on such segment, after the severalM5+ events occurred
in past years. Since complexities and tectonic inversion are largely observed for collapsing fold and thrust
belts like the Apennines, the revaluation of seismic hazard under the light of this results might represent a
challenging issue for next decades.

Clustering of events might suggest the occurrence of an effective triggering mechanism among the
segmented fault system. While we observe a significant CFF stress increase in the northern portion of
the fault system ruptured by the 2016 October events, 1 order of magnitude lower values are found for
the Monti della Laga-Gorzano fault. The different reaction of the entire system to static stress changes
and the reconnaissance of transient high Vp/Vs anomalies associated to large aftershocks during the
2009 sequence led us to promote pore pressure pulses as a viable triggering mechanisms for the normal
faulting earthquakes.

Appendix A
A1. Stress Transfer Method and Analysis

To analyze the impact of the recent closest large earthquakes on the Monti della laga-Gorzano fault, we
perform a CFF analysis (e.g., Harris, 1998). Assuming no contribution of underground fluid pressure, the
CFF can be defined as

CFF = τ + μ’σ � S,where τ is the shear stress projected on the target fault plane along the rake direction, σ is
the stress normal to target fault plane, defined positive for traction, and μ is the apparent friction coefficient
that takes into account the pressure effects. Over the timescales of our study, we consider the rock cohesion S
as constant. Thus, considering the Coulomb stress variation, we can delete the unknown S and rewrite the
ΔCFF as

ΔCFF ¼ Δτ þ μ’Δσ;

where ΔCFF > 0 could advance subsequent shocks toward failure and ΔCFF < 0 values release stress and
delay fault failure time. We fix the friction coefficient at 0.4, according to Harris (1998).

In this work, we evaluate the cumulated CFF variations along the MLGf plane due to the combined effects of
the 6 April 2009 L’Aquila (Mw 6.1), the 24 August 2016 Amatrice (Mw 6.0), and the 26 October 2016 (Mw 5.9)
and 30 October 2016 (Mw 6.5) earthquakes.

To evaluate the contribution of the Coulomb stress loading in the seismic sequence evolution, we also
calculated the stress variations on the fault planes activated on 26 and 30 October Visso and Norcia
earthquakes. Input seismic source parameters are from Atzori et al. (2009) and Scognamiglio et al. (2018)
for L’Aquila and Visso-Norcia earthquakes, respectively. For the Amatrice events, we use the slip distribution
obtained by Cheloni et al. (2017).
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