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A list of 100 focal mechanism solutions that occurred in Italy between 2015 and 2019
has been compiled for earthquakes with magnitude M ≥ 4.0. We define earthquake
parameters for additional 22 seismic events with 3.0 ≤ M < 4.0 for two specific key
zones: Muccia, at the northern termination of the Amatrice–Visso–Norcia 2016–2018
central Italy seismic sequence, and Montecilfone (southern Italy) struck in 2018 by a
deep, strike-slip Mw 5.1 earthquake apparently anomalous for the southern Apennines
extensional belt. First-motion focal mechanism solutions are a good proxy for the initial
rupture and they provide important additional information on the source mechanism. The
catalog compiled in the present paper provides earthquake parameters for individual
events of interest to contribute, as a valuable source of information, for further studies
as seismotectonic investigations and stress distribution maps. We calculated the focal
mechanisms using as a reference the phase pickings reported in the Italian Seismic
Bulletin (BSI). We visually checked the reference picks to accurately revise manual
first-motion polarities, or include new onsets when they are not present in the BSI
dataset, for the selected earthquakes within the whole Italian region, with a separate
focus on the Amatrice–Visso–Norcia seismic sequence area from August 24, 2016
to August 24, 2018. For the Montecilfone area, we combined the information on the
geometry and kinematics of the source of the 2018 Mw 5.1 event obtained in this
study with available subsurface and structural data on the Outer Apulia Carbonate
Platform to improve understanding of this intriguing strike-slip sequence. Our analysis
suggests that the Montecilfone earthquake ruptured a W–E trending strike-slip dextral
fault. This structure is confined within the Apulia crystalline crust and it might represent
the western prolongation of the Mattinata Fault–Apricena Fault active and seismogenic
structures. The calculated focal mechanisms of the entire catalog are of good quality
complementing important details on source mechanics from moment tensors and
confirming the relevance of systematically including manually revised and more accurate
polarity data within the BSI database.

Keywords: first motion solutions, focal mechanisms, seismicity, Italian region, Amatrice-Visso-Norcia seismic
sequence, Montecilfone sequence, Muccia area
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INTRODUCTION

The Italian region is characterized by a high rate of tectonic origin
seismicity mainly distributed along the Alpine and Apennines
mountain belts, and the Calabrian Subduction zone. Relevant and
long-lasting seismic sequences with mainshocks Mw≥ 5.0 struck
the region giving important insights in the active deformation
regime and therefore information for seismic risk reduction.

The BSI (Italian Seismological Bulletin1) analyst seismologists
of INGV off-line revise both hypocenter locations and local
magnitudes of earthquakes that are detected by the automatic
acquisition system and then are quickly real-time analyzed by the
monitoring room of INGV for civil protection duties. Revised P-
and S-quality weighted onsets, hypocenter locations, amplitudes,
and local magnitudes are then periodically released in the BSI
publication and through the INGV FDSN web services generally
for ML ≥ 1.5 events (INGV Seismological and Data Centre, 2006;
ISIDe Working Group, 2007). Nevertheless, manually revised
first-motion polarities are not yet systematically revised in the BSI
dataset for further focal mechanism studies.

First-motion focal mechanism solutions are anyway an
important approach, also in addition to the moment tensor
estimation when available, being a good indicator of the initial
rupture stages of faulting especially in very complex ruptures
as seismic faults are not always planar. The first-motion data
describe in fact the early part of the source which may or
may not be representative of the whole source process for
an earthquake; in contrast, the moment tensor solution might
represent an average source process (Anderson, 1988) depending
on the frequency content, the used signal length, and the
applied filtering. Moreover, although for moderate to large events
(M > 4.5) the inversion of broadband seismic waveforms well
describes earthquake source properties of the main faulting
process, this method might produce less stable/more noisy
solutions when applied to M < 3.5: AUTO-TDMT procedure
(automatic seismic time-domain moment tensor) implemented
at INGV is triggered by local and regional events with magnitude
ML ≥ 3.5 detected and located by the INGV monitoring
center (Scognamiglio et al., 2009). Indeed, the moment tensor
solution provides a good indication of the general style of
deformation occurring in an area, but careful consideration of
the first-motion solution is very useful for a detailed study of
source mechanics, also taking advantage of the information from
lower magnitudes.

We relocated all the selected earthquakes by using a multi-
parameter procedure and we calculated focal mechanisms of 100
earthquakes with M ≥ 4.0 occurred in the Italian region during
the period 2015–20192 by using the FPFIT code (Reasenberg
and Oppenheimer, 1985). Among them, 51 seismic events
occurred inside the region interested by the Amatrice–Visso–
Norcia (AVN) sequence, 4 in the Montecilfone area, and 2 in the
Muccia area. The AVN in this paper has a time span ranging from
August 2016 to August 2018 to better define the evolution of the
important seismic sequence including the strongest earthquake

1http://iside.rm.ingv.it/help#BSI
2http://terremoti.ingv.it/

occurred since 1980 in Italy. No earthquakes with M ≥ 4.0 were
detected in the selected period in the Alpine mountain belt or the
Po Plain (Figure 1).

THE MULTI-PARAMETER LOCATION

The BSI locations are obtained from a simple velocity model
composed of two layers on a half-space (Battelli et al., 2013); for
this reason, we relocated all the selected earthquakes by using a
multi-parameter procedure. To locate seismic events, we choose
the linearized approach by Lahr, 1999 (the Hypoellipse code)
using a best 1D velocity model for the area (Figure 2, modified
from Chiarabba et al., 2005b), but exploring the hypocenter
solutions space by changing three key a priori conditions that
typically strongly influence the solution convergence in the
linearized approach: the starting trial depth, the weight function
of arrival times with distance, and the travel time residual cut.

The distance weighting function gives full weight (multiplying
the assigned weight by 1) to arrival times for stations with
distance less than d1 and zero weight (multiplying by 0) to
arrival times for stations at epicentral distance higher than d2.
Setting A1 (see Table 1) cuts out stations farer than 75 km giving
full weight to stations closer than 25 km; settings A2 and A3
progressively extend the full weight distance and the exclusion
distance including contribution of progressively farer stations
that might be determinant for larger events or in case of no or
few close stations.

The trial depth in the linearized problem might equally be a
solution or a trap guiding the hypocenter to the absolute or a local
minimum for the more unstable of the hypocenter coordinates:
the focal depth. For this reason, we introduced three different
trial depths at upper crustal (B1, 5 km), lower crustal (B2, 25 km),
and upper mantle (B3, 75 km) depth allowing the procedure to
eventually get out of local minimums and/or being trapped by
1D model velocity jumps.

Finally, the large residuals cut can have a big influence on
the final location erasing the contribution of worse fitted arrival
times. Bad fitting arrival times is not necessarily a symptom
of large error in pickings and can be conversely related to
the neglected effect of 3D heterogeneities on the travel-time
computation approximations in the velocity model. For this
reason, the choice of cutting them out might be correct or not
and the amount of residual considered unacceptable is also a key
point. A too small threshold value, especially in absence of proper
stations corrections might bring to overfitting the 1D velocity
model at the cost of getting complaisant but wrong locations.
Moreover, an important role in the quality of the final location is
played by the iteration starting from which the cut is applied. We
here set a large threshold to avoid linking too much the location
to the 1D model approximation and applied the cut from the 1st
iteration (C1), from the 5th (C2) or never (C3).

The combination of these three different settings for each
of the three sensible parameters, A, B, and C, produces 27
different configurations exploring in a discrete empirical way
the hypocenter solutions space and producing 27 eventually
different locations.
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FIGURE 1 | Earthquakes, M ≥ 4.0 (blue circles), M ≥ 5.0 (orange stars), and M ≥ 6.0 (red stars), that occurred in the Italian region in the period 2015–2019. Small
black dots are M ≥ 2.0 earthquakes. The main tectonic fronts of the region are reported in brown lines.

Differently from the probabilistic approach, we remain in the
linearized domain and use the formal error estimation and the
final rms of the array of the focal solutions to select the best
location for each earthquake.

The procedure first orders the location vector by growing
RMS, selecting the best 13 (half out of the total 27), then these
are ordered by growing vertical error and the best 7 are selected
and ordered in turn by growing horizontal error and the best
4 are taken out of which the 2 ones with lower azimuthal gaps
are taken. Finally, the one with lower RMS out of these two is
considered the highest quality location.

The 1D velocity model in Figure 2 is also used to calculate the
take-off angle for focal solution determination.

THE CATALOG OF FIRST-MOTION
FOCAL MECHANISMS

The FPFIT code (Reasenberg and Oppenheimer, 1985) reads in
the Hypoellipse output and computes double-couple fault plane

solutions from P-wave first motion data using a grid search
method. Errors in first-motion observations may occur because
of station polarity reversal or incorrect direct P-arrival picks
due to low signal-to-noise ratio. For these reasons, to constrain
our focal solutions by reducing the number of discrepancies,
we proof-checked the dataset for possible reversal polarities and
we filtered the polarities based on the weight assigned to the
P-onset by the BSI analysts (discrete classed from 0, best, to 3,
worse) keeping only polarities for picks with weights 0 and 1 and
rejecting those with weight 2 and 3 that can be present in the BSI
dataset due to the automatic procedure applied in the monitoring
seismic room of the INGV. Furthermore, since the first polarities
are not routinely entered for all waveforms by the BSI analysts, we
have added, where present, additional good quality polarities. We
also required a minimum number of 10 P-polarities per event.

It may occur that, depending on the distribution and quality of
first-motion data, more than one focal mechanism solution may
fit equally well the impulsive polarities having as a consequence
identical values of relative minima in misfit, the indication
of inconsistent polarities. The variability in fault parameters
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FIGURE 2 | The 1D P-wave velocity model used in the routine location of
earthquakes.

TABLE 1 | Settings used in the multi-parameter procedure.

Distance cut window Trial depth Large residual cut

A1 25–75 B1 5 C1 1

A2 50–150 B2 25 C2 5

A3 100–300 B3 75 C2 Never

observed among the preferred mechanisms could originate from
velocity model uncertainties: in fact, the gradient of the velocity
structure controls the variations of the take-off angles of the
seismic rays, resulting in multiple focal mechanism solutions.

In our analysis, we only include focal mechanisms with
unique solutions (Supplementary Table 1). Focal mechanisms
with multiple solutions are anyway released in Supplementary
Table 2. The final focal mechanism catalog contains 100 quality
selected fault plane solutions for earthquakes with magnitude
M ≥ 4.0, and additional 22 solutions for seismic events with
3.0≤M < 4.0 for two specific key zones: the Muccia region, at the
northern termination of the Amatrice–Visso–Norcia 2016–2018
central Italy seismic sequence, and the Montecilfone (southern
Italy) area struck in 2018 by deep, strike-slip Mw > 5.1
earthquakes apparently anomalous for the southern Apennines
extensional belt.

Our criteria for selecting earthquakes for the analysis are
principally based on the reported magnitude M which we set
to M ≥ 4.0. However, we also choose to analyze earthquakes of
particular interest or seismotectonic significance with M < 4.0
in case of clear P-wave arrival times and polarities and favorable
stations distribution. This analysis shows the importance of
lowering the threshold of magnitude to get a better picture of
the seismic deformation and give information about the state of
stress around a fault in an area, even when earthquakes of high
magnitude are absent.

For the 100 obtained fault plane solutions, we list the reference
INGV event ID, Date, Magnitude (Supplementary Table 1),

the hypocenter calculated with the multiparameter location
approach, the estimated fault parameters, and their overall quality
in terms of uncertainties on strike, dip, and rake and station
distribution ratio (STDR). The latter quantity ranges from 0.0 to
1.0 and it is sensitive to the distribution of the data on the focal
sphere, relative to the radiation pattern. Values of STDR lower
than 0.5 indicate a less robust solution. In Figure 3, we show
some statistics about the distribution of these parameters and the
quality of the mechanisms obtained. The STDR is higher than 0.5,
ranging from 0.5 to 0.9. For most of the focal solutions, the range
in the uncertainty of each parameter (strike, dip, rake) is mostly
within 20◦.

Finally, we produce a classification ternary diagram plotting
the plunge of the intermediate (B), tension (T), and pression
axes (P) of focal mechanisms to illustrate the faulting style
of the seismotectonic regimes. The diagram uses the Kaverina
et al. (1996) projection technique, used also by Kagan (2005),
calculated with FMC script (Álvarez-Gómez, 2019).

Due to the large density of data in the small region of
the AVN seismic sequence, we decided to discuss them in a
separate section. We will therefore first describe the solutions of
the focal mechanisms that occurred in Italy in the 2015–2019
period and then the solutions of the AVN seismic sequence. In
both areas, we also focus on sub-areas where 3.0 ≤ M < 4.0
earthquakes are analyzed.

Earthquakes M ≥ 4.0 Occurred in Italy
During 2015–2019
In Italy, during the selected 5 years, 51 earthquakes with
M ≥ 4.0 occurred. We obtained a robust result for 49
earthquakes (Supplementary Table 1), 2 seismic events have
multiple solutions (Supplementary Table 2). In Figure 4, we
show a regional map with our new FPFIT solutions while in
Figures 5A–C, we show the same solutions in depth along
traces P1, P2, and P3.

In Figure 6, we show the histogram of the calculated rakes.
We observe a spatial variability of the observed style of faulting
reflecting the complex active tectonics of the Italian region.
Statistical analysis of the kinematics of the nodal planes shows
a prevalence of normal solutions with oblique/normal, left or
right lateral components, while reverse and oblique/reverse
mechanisms are rare.

This variability is also shown in Figures 7, 8. Figure 7 reports
the azimuth of T-axes of the 49 solutions: thick lines represent
the direction of T-axes with the white circle at the center of
epicentral location of the respective event on the map; the
length of the lines is proportional to the plunge. To classify
focal mechanisms, we used the FMC program (Álvarez-Gómez,
2019) which produces the type classification (Kaverina et al.,
1996) in Figure 8. This approximation began with the use of
Frolich Apperson classification (1992) and improved later on
after Kagan’s work (2005).

The M > 4.0 earthquakes that occurred in the northern
Apennines during 2015–2019 show the extension–compression
pair at the transition between the active extension zone of the
Apenninic chain, oriented approximately perpendicular to the
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FIGURE 3 | Histograms of the uncertainties distributions of strike (A), dip (B), and rake (C) of the presented focal solutions with STDR (stations distribution ratio) (D).

chain axes, and the buried compressive structures of the Po
Plain (Figure 5A).

Strike-slip faulting are present in the region between the
Apenninic axial zone and the Apulia-Gargano foreland (see the
Montecilfone focus, next paragraph); the Calabrian arc and the
Tyrrhenian Calabrian offshore are dominated, both at shallow
and at higher depths, by active extensional deformation, while
the south-eastern part of Sicily is dominated by strike-slip
tectonic regime.

In particular, in the Tyrrhenian Sea, in the depth interval
(0–250 km, Figure 5B), we find focal solutions with prevalent
strike-slip solution (first 30 km) and prevalent normal
component (deeper than 30 km): deeper earthquakes follow the
Benioff plane dipping, at these depths, to about 70◦ (Selvaggi and
Chiarabba, 1995). One seismic event shows a reverse solution:
this earthquake is located very near to the coast (7 km from
Tropea, Vibo Valentia).

In the Calabrian peninsula, two relatively shallow hypocenters
(depth < 50 km) have a prevalent normal component while
the seismic events in the Hyblean forland, Sicily Channel, and
Ionian Sea show strike-slip solutions with normal components in
agreement with previous studies (Presti et al., 2013; Figure 5C).

Focus on 2018 Montecilfone Earthquakes
On April 25, 2018, a seismic event with Mw 4.3 occurred
in the Montecilfone area, located to the west of the Gargano
Promontory (Figure 8), followed by a small cluster of about 10
events with ML < 3.0. After less than 4 months, on August 14, a
Mw 4.6 earthquake hit the same area. The sequence culminated
on August 16 with a Mw 5.1 occurred at 21 km depth and about
3 km to the south of the April 25th event. This strongest event was
followed 2 h after by a Mw 4.4 event and by numerous moderate–
small aftershocks. About 600 earthquakes have been recorded
by the RSN with ML ≤ 3.5 and hypocentral depth between
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FIGURE 4 | FPFIT focal solutions for the analyzed earthquakes M ≥ 4.0 reported in Supplementary Table 1, in the “Italy,” “muccia,” and “montecilfone” areas.
AVN-Box is the area of the Amatrice–Visso–Norcia seismic sequence; P1: trace of the vertical cross section in Figure 5A; P2: trace of the vertical cross section in
Figure 5B; P3: trace of the vertical cross-section in Figure 5C. Color scale is related to hypocenter depth.

10 and 25 km. Among them, we could determine high-quality
focal mechanisms for height earthquakes having magnitude
3.0 < ML < 4.0 (Figure 9). All the solutions indicate an almost
pure strike-slip, right-lateral mechanism, with subvertical focal
planes mainly oriented about NS and EW.

In Figure 9, we show the focal mechanisms calculated in this
work with first polarities compared with the available TDMT and
RCMT solutions. We observe a very good agreement of the first
motion and the moment tensor solution. Moreover, our first-
motion polarities’ focal mechanisms for M < 4.0 earthquakes
testify that the strike-slip dextral faulting observed for the
moderate events is also present at small scale suggesting almost
regular fault plane geometries. By combining the hypocenter
distribution and focal mechanism of all events here analyzed,
we conclude that the 2018 events relate to an unknown, strike-
slip structure, trending about EW and characterized by a right-
lateral kinematic.

In agreement, the average focal mechanism in the
Montecilfone area points out a strike-slip regime with a
sub-vertical σ2 and horizontal σ1 and σ3, NW–SE and NE–SW
oriented, respectively (see inset in Figure 9). This trend perfectly
fits with the contemporary stress state in the external area of the
southern Apennines (Mariucci and Montone, 2020a,b), where
the minimum horizontal stress is NE–SW oriented, coherent with
the extension in the inner belt, but related to a strike-slip tectonic
regime as evidenced also by a few instrumental events (Potenza
1990 and Molise 2002 sequences; Di Luccio et al., 2005a,b) and
main seismogenic sources (DISS Working Group, 2018).

Remarkably, such a structure broke the mid-lower crust (10–
25 km depth), differently from the seismicity of the southern
Apennines belt that is confined in the uppermost 15 km of
the crust, and its strike appears transverse to the NW–SE
direction of the large active normal faults dissecting the Apennine
range westwards.
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FIGURE 5 | (A–C) Seismic cross-sections along P1, P2, and P3 profile shown in Figure 4.

FIGURE 6 | Histogram of the rake of the calculated focal mechanisms for “Italy” area.
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FIGURE 7 | T-axes of focal mechanism solutions determined in the present study for “Italy” area. The length of each bar is inverse proportional to the plunge of the
axis; colors are related to the 3 groups of plunges reported in the inset.

To better understand the seismotectonic framework of the
2018 Montecilfone seismicity, we analyzed subsurface structural
information available in literature. The 2018 sequence occurred
in the easternmost sector of the southern Apennines thrust-
and-fold belt, where the more external nappes overthrust
Late Pliocene–Early Pleistocene foredeep deposits that in turn
stratigraphically cover the Outer Apulian Carbonate Platform
(OAP) (Menardi Noguera and Rea, 2000; Butler et al., 2004;
Patacca and Scandone, 2004). The structural map of Figure 9
shows the morphology of the top of the buried OAP, together with
the main faults that displace the Apulian carbonates, from the
external zone of the Apennines belt to the Apulian foreland (i.e.,
the western Gargano Promontory). This structural map, based on
a wealth of seismic commercial profiles and well data interpreted
by Nicolai and Gambini (2007), outlines two main structural
trends: the regional-scale SW deepening of the OAP and local-
scale structures represented by E–W to WNW–ESE oriented

highs and lows. The SW deepening of the OAP from 1 km to
more than 5 km depth represents the response of the Apulian
carbonates to the flexure-hinge retreat of the Apulia plate margin.
It is associated with NW–SE normal faults active during Late
Pliocene–Early Pleistocene times that are evident in the southern
part of the map. Three main deviations from the regional trend
characterize the central and northwestern sectors of the survey
area (Figure 9). High-angle transpressive faults delimit the E–
W trending Chieuti High, a push-up structure active during
Lower Pleistocene (Patacca and Scandone, 2004). About 5 km
to the west, a WNW–ESE trending structural high aligned with
the Chieuti structure has plausibly the same nature. Indeed,
this structure cannot be related to the compressive structures
deforming the Inner Apulia Platform thrust–fold belt being its
frontal ramp located more than 30 km further west (Nicolai
and Gambini, 2007). A structural low oriented E–W is bounded
to the north by the Apricena fault (Figure 9). According to
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FIGURE 8 | FMC diagram for the classification of focal mechanisms in Italy area. N, normal; N-SS, normal–strike-slip; SS-N, strike-slip–normal; SS, strike-slip; SS-R,
strike-slip–reverse; R-SS, reverse–strike-slip; R, reverse. The points are scaled by magnitude and colored by different depths.

Patacca and Scandone (2004), the WNW–ESE Apricena fault is
a major high-angle structure that dips SSW with significant dip-
slip displacement; it shows evidence of recent activity and can be
identified as the source of the 1627, M6.7 Capitanata earthquake,
the strongest historical event that struck the region (see the
macroseismic epicenter reported in Figure 9). The activity of
the Apricena Fault up to late Pleistocene at least is confirmed
by recent high-resolution seismic reflection surveys that also
seem to indicate a significant strike slip component of motion
(Varriale, 2011).

Both the Chieuti and Apricena structures join the transcurrent
Mattinata Fault System in the western Gargano Promontory.
This is a lithospheric-scale active and seismogenic structure
characterized by a complex polyphase evolution. Likely of
Mesozoic origin, it was reactivated as a sinistral strike slip system
from Miocene to early Pliocene and then it has slipped with
dextral kinematics since late Pliocene (Di Bucci et al., 2010; and
references therein).

East–west oriented structures that clearly deviate from the
regional trend are also present just in the epicentral area of
the 2018 Montecilfone sequence (Figure 9). Here, the structural
map reports three parallel S-dipping high-angle faults, with the
main one that measures 12 km long strike. Fault kinematics
is unknown, but a dip-slip component may be hypothesized
based on the southward deepening of the Apulian carbonate top.
Remarkably, the epicenters of all largest earthquakes (M > 3)
with reliable focal solutions fall in the hanging wall of the main

E–W fault, near the fault trace, consistently with the southward
dip of nearly vertical E–W nodal planes (Figure 9). Further north,
WNW–ESE trending faults delimit a complex zone, where wide
depressions of the OAP are bounded by E–W trending narrow
ridges. We outline that the three E–W faults are located along the
western prolongation of the Apricena active fault.

The OAP forms a 6–7 km thick Meso-Cenozoic carbonate
multilayer overlying Permo-Triassic clastics that in turn covers
a Paleozoic crystalline basement likely composed of Variscan
metamorphic rocks (Mazzoli et al., 2013). Consequently, the
bottom of the Apulian carbonates in the epicentral area can
be set to 9–10 km depth. Considering the 10–25 km depth
range of the Montecilfone seismicity, we conclude that the 2018
sequence activated the mid-lower crustal section of an E–W
trending shear zone with dextral strike-slip kinematics without
rupturing its upper part that presumably extends upwards
up to the OAP top, as inferred by the structural map in
Figure 9.

Prior to the 2018 seismic sequence, the Montecilfone area did
not experience significant historical and instrumental seismicity.
The closest activity is represented by the 2002 Molise seismic
sequence, located 20 km S of Montecilfone, and characterized
by two Mw 5.8 mainshocks nucleated at 21–22 km depth on
October 31 and November 1 (Figure 9). Both mainshocks, as
well as large M > 4 aftershocks, are characterized by pure
right-lateral strike-slip mechanisms and together with aftershock
distribution unraveled the rupture of an 8–25 km deep section
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FIGURE 9 | Structural map of the Apulia Carbonate Platform in the sector between the outer Apennine belt and the western Gargano region with focal mechanisms
of the mainshocks and stronger aftershocks of the 2018 Montecilfone and 2002 Molise sequences. The blue lines are isobaths (in meters) of the top of the
Mesozoic–Tertiary Apulian carbonates; red lines are normal faults (or faults with prevailing dip-slip displacement) and reverse faults (modified from Nicolai and
Gambini, 2007). The dashed, thick black line is the buried front of the Apennine thrust sheets. The gray area corresponds to the Mesozoic–Tertiary Apulian
carbonates exposed in the Gargano region. The Mattinata Fault (MF), Apricena Fault (AF, after Patacca and Scandone, 2004), and the W–E trending faults
associated with the Montecilfone sequence are outlined with thick red lines. The black square is the macroseismic epicenter of the 1627, Me6.7, Capitanata
earthquake. Black beach balls of the Montecilfone events are from this study; hypocenter locations of the Molise 2002 events are from Chiarabba et al. (2005a). Red
stars, Mw > 5.0 earthquake; yellow stars, Mw ≥ 4.0 earthquakes; green stars, Mw ≥ 3.0 earthquakes. The box of the Montecilfone area in the Italian region is
reported in Figure 3. The average focal mechanism attitude (unweighted moment tensor analysis; Kassaras and Kapetanidis, 2018) has been calculated considering
M ≥ 3.0 events. Red focal mechanisms are from RCMT (rcmt2.bo.ingv.it/); blue focal mechanisms are from TDMT (cnt.rm.ingv.it/tdmt).

of the Apulian crust due to the re-activation of several pre-
existing near-vertical faults striking W–E (Chiarabba et al., 2005a;
Di Luccio et al., 2005a). Due to the low density and quality of
hydrocarbon exploration data in the Molise 2002 source region,
the structural map of the OAP has a very smooth shape and
does not show deviation from the SW-dipping regional trend
(Figure 9). Unlike, a wide depression of the Apulian carbonates
bounded by a system of W–E and NE–SW faults was unraveled
by Latorre et al. (2010) by migrating S-P converted phases
from the OAP top recognized on most aftershock recordings.
Such a structural low was interpreted as a pull-apart basin
associated with a releasing bend of a W–E trending strike-slip
structure activated during the 2002 sequence and representing
the western prolongation, underneath the Apennines nappes
of the Mattinata Fault–Chieuti High shear zone. In particular,
Latorre et al. (2010) hypothesized the presence of a negative
flower structure to reconcile the faults identified at the top of the
OAP with the deeper E–W trending strike-slip causative faults of
the two mainshocks. In such a scenario, a deep strike-slip fault

system reactivates upwards secondary faults that bound the pull-
apart basin dissecting with a significant dip-slip displacement the
Apulian carbonates.

Here, we hypothesize a similar model for the Montecilfone
sequence. In this case, the E–W trending deep strike-slip fault
system activated by the 2018 sequence that also dissects the OAP
top may represent the western prolongation of the Mattinata
Fault–Apricena Fault active structures.

Sharing the hypocenter depths, source mechanisms, fault
orientations, and structural features, the Montecilfone 2018 and
Molise 2002 sequences can be considered both expressions of
a distinct seismotectonic setting characterizing that wide region
of southern Italy extending between the Apennine external
zone and the Apulian foreland. Our finding, together with
minor deep swarms with dominant strike-slip focal solutions
that occurred in recent years (Trionfera et al., 2020), reinforce
indeed previous seismotectonic models that emphasize the
role of pre-existing W–E trending lithospheric shear zones in
accommodating the Adria intraplate deformation in response
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to Africa–Eurasia plate convergence (Di Bucci et al., 2010)
and in producing moderate to strong deep earthquakes in the
Adriatic side of the southern Apennines (Fracassi et al., 2004;
Valensise et al., 2004).

Earthquakes M ≥ 4.0 Occurred During
the AVN Seismic Sequence (August 24,
2016–August 24, 2018)
The AVN seismic sequence occurred throughout central Italy
with an epicentral distribution geometrically coherent with the
extensional system of active faults, longitudinally dissecting the
Apennine chain. This sequence, started on August 24, 2016,
includes the Mw 6.5 Norcia event that is the strongest earthquake
that occurred over the last 30 years in Italy. The BSI group
dedicated a particular analysis strategy for these earthquakes
(Marchetti et al., 2016) analyzing manually over 100,000 seismic
events located in an area extending for about 60 km from the
Muccia village to the north, to the Montereale village to the
south, where it overlaps the northernmost part of the 2009
L’Aquila seismic sequence. This careful reprocessing allowed
the collection of the high-quality catalog of the 2016 central
Italy AVN normal faulting sequence (Improta et al., 2019;
Margheriti et al., 2019).

During this seismic sequence, 9 earthquakes had magnitudes
M ≥ 5.0 and 65 earthquakes 4.0 ≤ M < 5.0. The strongest
among them were the Mw 6.0 Amatrice earthquake on August
24, the Mw 5.9 Visso earthquake on 26 October, and the Mw
6.5 Norcia earthquake on October 30. The Amatrice earthquake
was not preceded by foreshocks. Their RCMT and TDMT are
dominated by normal faulting, NNW–SSE striking, focal planes,
consistent with the local tectonic environment. Nevertheless, the
distribution of aftershock hypocenters reveals the activation of
a complex faults system (Michele et al., 2016, 2020; Chiaraluce
et al., 2017; Improta et al., 2019; Margheriti et al., 2019).

We here present the focal mechanism solutions for 51
earthquakes (Supplementary Table 1) with M ≥ 4.0 that
occurred inside the region interested by the AVN sequence; 5
earthquakes have multiple solutions.

The distribution and characteristics of the solutions are
shown in Figure 10 in map, Figure 11 (cross-section NW–
SE), and Figure 12 (the azimuth of T-axes of the solutions).
The M > 4.0 seismicity, aligned along more than 50 km
in an average N160◦ direction, deepens from the north to
the south, between 3 and 13 km of depth, associated mainly
with normal faulting mechanisms with oblique components,
striking northwest–southeast, consistent with a tensional axes
oriented from SW–NE to WSW–ENE. The histogram of the
rakes (Figure 13) presents prevalence of normal solutions with
oblique/normal, left or right lateral components, while reverse
and oblique/reverse mechanisms are absent; this is observed also
in Figure 14. Among extensional seismic events with a strong
transcurrent component, we note three events (September 3,
2016 10:18; July 22, 2017 02:13; and December 3, 2017 23:34)
which occurred, however, in a late phase of the seismic sequence.
The fault system shows dip ranging from 35 to 90◦, and 2 seismic
events have a dip of 15◦; they are located at 5.18 km depth, with

epicenter near Visso, and at 10.19 km depth, with epicenter 2 km
south to Amatrice.

The mean fault plane solution for AVN is a perfect normal
faulting mechanism with horizontal NW–SE oriented σ2, vertical
σ1 and horizontal NE–SW oriented σ3 (see inset in Figure 10).
The latter confirms the extension trend in the central Apennines
as shown by present-day stress indicators, not only focal
mechanisms but also active fault and borehole breakout data
(Mariucci and Montone, 2020a,b). Therefore, this tectonic regime
seems to not change with depth: from surface (fault data), to
intermediate depth (well data), to seismogenic depth.

The earthquake that started the sequence deserves particular
attention: in fact, it is worth noting that the Mw 6.0 Amatrice
first-motion focal solution has a strike different by 30◦ and 21◦ in
the anticlockwise direction with respect to the TDMT and RCMT
solutions, respectively, and a significant strike-slip component
possibly suggesting that the rupture started as transtensive and
then evolved in pure normal faulting. This result is in agreement
with the modeling of the rupture process that reported on a
bilateral rupture, justifying the observed directivity (Tinti et al.,
2016), and a small left-lateral strike slip component (Cirella et al.,
2018) for this event. In Figure 10, we show the good fit of P-wave
first onset polarities with the focal mechanism resulting from
the inversion. We read 177 polarity observations, and between
them we found 2 discrepancies for 2 stations at 60 km and
126 km distances from the epicenter: dense coverage of the
focal sphere and correct picked polarities yield the robust focal
mechanism computation with an azimuthal gap = 71◦ and the
STDR = 0.71. The largest aftershock that occurred 1 h later, Mw
5.4, shows analog features: a strike direction rotated 20◦ and
22◦ in the anticlockwise direction with respect to the TDMT
and RCMT solutions, respectively, and a significant strike-
slip component. Discrepancies between the centroid-moment
tensor and first-motion solutions require detailed investigations
prompting complicated multiple rupture (Anderson, 1988).

Regarding the Mw 5.4 and Mw 5.9 Visso earthquakes, and the
Mw 6.5 Norcia earthquake, they are non-present in our catalog.
The Mw 5.9 Visso earthquake and its strong foreshock, Mw 5.4,
are double earthquakes, both preceded by M4.5 events at 4.0 and
1.5 km distance, respectively (Improta et al., 2019). This hinders
the picking of first-motion P-wave polarities and, consequently,
the determination of reliable focal solutions for both Visso
earthquakes. Unlike the Visso earthquakes, focal solution of the
Mw 6.5 Norcia earthquake has a large number of discrepancies
and highly variable parameters: the fault-plane solution shows a
normal fault but its orientation is poorly constrained (particularly
the strike is not very well constrained ranging from 65 to 110◦).

As potential sources of these discrepancies, both model
uncertainties and possible faulting complexity could be
considered. The good network geometry of the Italian National
Seismic Network (Rete Sismica Nazionale, RSN), implemented by
additional 24 stations that were temporarily deployed (Moretti
and Sismiko Team, 2016), makes us hypothesize that the
uncertainty in location is unlikely to be large enough to explain
the full discrepancies, even if we cannot definitively exclude
the possibility. Alternatively, it is possible that the velocity
model cannot describe velocity heterogeneity coming possibly
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FIGURE 10 | FPFIT focal solutions for the earthquakes reported in Supplementary Table 1, for “AVN” area; the red line, oriented N155, is the trace of the vertical
section in Figure 11; the color scale is related to the depth of the hypocenters; bottom left inset: the mean focal moment tensor solution calculated from all the nodal
planes. (A) The average focal mechanism obtained by unweighted moment tensor (Kassaras and Kapetanidis, 2018) has been calculated considering all the 51
earthquakes (Supplementary Table 1) with M ≥ 4.0 that occurred inside the region interested by the AVN sequence and plotted in this map. (B) Distribution of
polarities of the Mw 6.0 August 24, 2016 earthquake over its focal solution and the TDMT and RCMT solution for the same event.

from physical explanations. Focal mechanisms in this study are
constrained to double-couple sources and they cannot resolve
any non–double-couple component. The strong complexity
of this earthquake has been highlighted by several studies in
the literature (Cheloni et al., 2017; Scognamiglio et al., 2018;
Walters et al., 2018). To explain geodetic, seismological, and
surface observations, many different rupture scenarios have been
proposed and finite-fault inversions of the Norcia earthquake
published so far rely on multi-segment rupture mechanisms.
In Scognamiglio et al. (2018), the unusual non–double-couple
component (compensated linear vector dipole) observed for the
TDMT solution of the October 30 main shock3 is interpreted
as an evidence for a non-planar fault geometry and complex
slip behavior. This is in agreement with the multi-segment

3http://cnt.rm.ingv.it/tdmt

rupture model obtained by the finite-fault joint inversion of
strong motion and geodetic data that are characterized by
the cascade activation of NNW–SSE normal faults and of a
NE–SW trending oblique fault. In this contest, the first polarities
can be affected by this complex rupture process resulting in
FPFIT, in this case, not a suitable method for calculating the
focal mechanism.

Focus on 2018 Muccia Earthquakes
During the AVN seismic sequence, in March and April 2018, two
earthquakes with M ≥ 4.0 (Mw 4.0 occurred on April 4 and Mw
4.6 on April 10), 15 seismic events with 3.0 ≤M < 4.0 and more
than 3,000 small-magnitude earthquakes occurred very close to
Muccia village, in the northern area of the seismic sequence.

In Figure 15, we show the focal mechanisms calculated in this
work with first polarities compared with the available TDMT and
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FIGURE 11 | Seismic cross-section along the trace reported in Figure 10.

FIGURE 12 | T-axes of focal mechanism solutions determined in the present study for the AVN area. The length of each bar is inversely proportional to the plunge of
the axis; colors are related to the 3 groups of plunges reported in the inset; blue lines are the normal faults mapped in this area while red lines are surface ruptures of
the AVN seismic sequence (Pucci et al., 2017; Civico et al., 2018; Villani et al., 2018).
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FIGURE 13 | Histogram of the rake distribution of the calculated focal mechanisms for the AVN area.

FIGURE 14 | FMC diagram for the classification of focal mechanisms AVN area. N, normal; N-SS, normal–strike-slip; SS-N, strike-slip–normal; SS, strike-slip; SS-R,
strike-slip–reverse; R-SS, reverse–strike-slip; R, reverse. The points are scaled by magnitude and colored by different depths.

RCMT solutions. Also in this area we find a good agreement
between the first motion and the moment tensor solutions, while
focal mechanisms of minor seismicity (M < 4.0) calculated with
FPFIT confirm the tectonic style.

The focal mechanisms are dominated by normal faulting
(NW–SE nodal plane, strike near 150◦ for the two strongest
events) often with a strike-slip component. An example of a
strong strike-slip component is the April 10 ML 3.5.

Concerning the Muccia area, the mean focal mechanism
shows a normal faulting regime with a strike-slip component
(Figure 15): although σ3 is almost horizontal and about
NE–SW oriented, σ2 (NW–SE oriented) and σ1 are slightly
dipping from the horizontal and vertical, respectively. The
conjugate fault planes are SW and N dipping. The solution
is in agreement with the main stress trend in the area and
the strike component could be due to movements on minor

Frontiers in Earth Science | www.frontiersin.org 14 May 2021 | Volume 9 | Article 630116

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-09-630116 May 20, 2021 Time: 19:0 # 15

Ciaccio et al. First-Motion Focal Mechanism Solution

FIGURE 15 | Muccia area. Yellow stars are the Mw ≥ 4.0 earthquakes, green stars the Mw ≥ 3.0 earthquakes. Small orange dots are M ≥ 1.0; medium orange dots
are M ≥ 2.0 earthquakes. The average focal mechanism obtained by unweighted moment tensor (Kassaras and Kapetanidis, 2018) has been calculated considering
M ≥ 3.0 events. Red focal mechanisms are from RCMT (rcmt2.bo.ingv.it/); blue focal mechanisms are from TDMT (cnt.rm.ingv.it/tdmt).

faults as the earthquakes with magnitude < 4 are included in
the computation.

The events analyzed are shallow, almost all having hypocenters
in the first 5 km, with the exception of the normal strike-
slip event, located beyond 10 km depth; variation in focal
parameters and hypocentral depth may indicate the activation of
secondary fault segments with respect to extensional structures
on which the majority of events in the area took place.
To validate this hypothesis, both the comparison with the
hypocentral localizations and, above all, the calculation of the
focal mechanisms of lower magnitude events will be necessary.
In Michele et al. (2020), seismic sections crossing the tip of
the AVN seismic sequence, where the fault’s system reaches the
southern termination of the 1997 Colfiorito system (Chiaraluce
et al., 2003), indicate a small, shallow (above 5 km depth)
synthetic/antithetic fault system.

DISCUSSION AND CONCLUSION

In this work, we present a catalog of overall 122 focal mechanism
solutions that occurred in Italy between 2015 and 2019, 100

earthquakes with magnitude M ≥ 4.0 and additional 22 seismic
events with 3.0 ≤M < 4.0.

Since January 2015, BSI analysts quickly elaborated events
with M≥ 3.5, in the days immediately following their occurrence,
and particular attention was paid to the analysis of the
earthquakes with magnitude M ≥ 4.0.

Focal mechanisms reported and discussed in this study are
determined from P-wave first motion polarities read on the
waveforms recorded by the national permanent seismological
network of INGV, Rete Sismica Nazionale (RSN). The network
density and its nationwide distribution allowed us to achieve a
good coverage and sampling of the entire focal sphere in almost
all the analyzed areas.

Starting from the picking of the BSI’s analysts, we relocated
the selected earthquakes by using a multi-parameter procedure
(see Section “The Multi-parameter Location”) based on the
Hypoellipse code.

During our research, we obtained several multiple solutions
when multiple mechanisms fit the impulsive polarities equally
well. Because the distribution of the polarities is strongly
controlled by the theoretical take-off angle, it is possible that
multiple solutions are due to the vertical error coming from the
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1D Earth model and the subsequent calculated take-off angle.
Here, we do not consider the multiple solutions but they will
be the subject of further studies that will consider vertical/lateral
heterogeneities using local velocity model to calculate again
the focal solutions to eventually assign a quality factor or to
discard definitively.

Even if our dataset, limited to 5 years and to earthquakes with
M > 4.0, does not permit to detect more than the gross features
of the regional stress of Italian area, it is possible to observe some
important features.

The strike-slip regime, east-west faulting, which occurred in
southern Italy, is well clear in the focus on the Montecilfone
area, at the margin between the Apenninic thrust belt to the
west, and the Adriatic plate to the east where strike-slip solutions
are found. Strike-slip faulting also characterizes the Ionian Sea
and Sicily channel.

In the western offshore of Calabria region, we find earthquakes
with prevalent normal faulting solutions and prevalent depths
ranging between 100 and 215 km. For the earthquakes analyzed
in this study, the P-axes mostly plunge toward the NW (Figure 7),
coinciding with the dip direction of the Tyrrhenian slab, a
consistent direction of down-dip compression in agreement
with previous studies (Isacks and Molnar, 1971; Anderson and
Jackson, 1987; Frepoli et al., 1996).

In the AVN seismic sequence, TDMT and RCMT present
dominant normal faulting solutions along NNW–SSE trending
faults, with tension axes oriented roughly perpendicular to
the strike of the Apennines. The focal mechanisms here
show more heterogeneous solutions with normal faults, oblique
slip faults and strike-slip faults, and 80% of tension axes
oriented in the range 40–70◦. This variability agrees with
results of previous studies dealing with relocations of high-
quality aftershock catalogs (Improta et al., 2019; Michele
et al., 2020) that provide evidence of activation of an
extremely complex fault system; this complex system could
also include inherited Pliocene reverse faults oblique to the
NW–SE trending extensional structures even if, in literature,
the role of these pre-existing faults is debated. Particularly
interesting is the focal mechanism calculated for the Mw
6.0 Amatrice earthquake: it shows a normal solution with
a significant strike-slip component possibly suggesting that
the rupture started as transtensive and then evolved in pure
normal faulting as highlighted from the TDMT and RCMT
extensional solutions. This result agrees with the modeling of
the complex rupture process that reported on a bilateral rupture
and a small left-lateral strike-slip component (Tinti et al., 2016;
Cirella et al., 2018).

It is worth noting that when comparing high-quality solutions
obtained with first-motion polarity techniques or from waveform
inversion, the differences observed between the two focal
mechanisms represent real differences in the source process.
Future comparison studies with RCMT and TDMT will help us
to understand how much and where they are similar and how
much and where they are not and verify, in the latter case, if the
non–double-couple component, a measure of the deviation of a
moment tensor from a double-couple mechanism, is important
in the calculation.

Methods based on waveform inversion (from high-quality
data) provide a stable and reliable focal mechanism: in addition,
the speed and efficiency of these automated methods is clear
with respect to the extremely time-consuming approach of
determining the mechanism by manual attributing polarities of
first motions. However, these two different methods provide
different, somehow complementary, information: indication of
the general style of deformation occurring in an area as for
the moment tensors, and detailed study of source mechanics
as for the first-motion focal mechanisms, the latter also taking
advantage of the information from lower magnitudes. This is
a particularly important feature due to the large number of
small-magnitude earthquakes compared with high-magnitude
earthquakes. On average, 2 < M < 3 and smaller earthquakes
occur several hundred times a day worldwide while very few
M ≥ 5.0 earthquakes do occur per year: during 2019, no M ≥ 9
occurred; 1 M = 8 seismic event was recorded in Peru and 9
M ≥ 7.0 (data from U.S. Geological Survey earthquake.usgs.gov).
In Italy, in the same year, the RSN recorded more than 180
M≥ 3.0 earthquakes, 11 seismic events with M≥ 4 and no M≥ 5.

Our two focuses, Muccia and Montecilfone area, demonstrate
how the analysis of focal mechanisms with the first polarities,
even for earthquakes with a M < 4.0, provides further
knowledge of the tectonic regime of the areas of interest.
For the Montecilfone zone, our focal solutions for M < 4.0
aftershocks testify that the strike-slip dextral faulting observed
for the moderate-large events is also present at small scale
suggesting almost regular fault plane geometries. By combining
the hypocenter distribution focal mechanisms of all events, and
the structural map of the Apulia Platform here analyzed, we
conclude that the 2018 events activated the mid-lower crustal
section of an unknown, strike-slip structure, trending E–W
and characterized by right-lateral kinematic. This structure may
represent the westernmost prolongation of a complex shear
zone of the Apulia Plate that includes onshore the Apricena
Fault and the Mattinata Fault system both active and sources of
M6 + historical earthquakes (Patacca and Scandone, 2004; Di
Bucci et al., 2010). In this view, the Montecilfone seismicity and
causative fault bears a remarkable resemblance to the Molise 2002
sequence that was related to an E–W trending, dextral strike-slip
system representing the western prolongation of the Mattinata
Fault–Chieuti High shear zone (Latorre et al., 2010). Our
interpretation reinforces previous seismotectonic models that
emphasize the seismogenic potential and the role of Mesozoic–
Tertiary W–E trending lithospheric shear zones dissecting the
flexed Apulia plate underneath the Apennines thrust belt in
accommodating intraplate deformation in response to Africa–
Eurasia plate convergence (Fracassi et al., 2004; Di Luccio et al.,
2005b; Di Bucci et al., 2010).

The choice to deepen the study of earthquakes with small-
to-medium magnitude fits well with the rising interest in recent
years of the earthquake engineering community in this topic also
due to the presence of upper-crustal events, in the range Mw 4.0–
5.5, that occur sufficiently close to inhabited areas worldwide that
actually cause damage and/or casualties (Nievas et al., 2020).

With this work, we want to underline the importance, for
both the seismotectonic characterization of a wide area and
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a greater comprehension of the faulting mechanism during a
complex seismic sequence, of assigning polarity to the P-phase
onsets to routinely estimate the focal mechanisms in addition to
the hypocentral parameters and to the moment tensor solution
estimation for a wide range of magnitudes from M ≥ 4.0 to
M ≤ 3.0.

Our next steps are to extend the dataset in time before
2015. Moreover, we believe that it would be of great importance
producing an unprecedented dataset of first-motion polarities’
focal mechanisms by developing an on purpose automatic
procedure of analysis taking advantage of such a large dataset
of accurate manually revised polarities to educate the polarity
detection algorithm.
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