
Contents lists available at ScienceDirect

Tectonophysics

journal homepage: www.elsevier.com/locate/tecto

Fast characterization of sources of recent Italian earthquakes from
macroseismic intensities
G. Vannuccia,⁎, P. Gasperinib,a, B. Lollia, L. Guliac
a Istituto Nazionale di Geofisica e Vulcanologia, Sezione di Bologna, Bologna, Italy
bUniversità di Bologna, Dipartimento di Fisica e Astronomia, Bologna, Italy
c Swiss Seismological Service, ETH Zurich, Zurich, Switzerland

A R T I C L E I N F O

Keywords:
Macroseismic
Intensity
BOXER
Focal Mechanisms
Seismogenic source

A B S T R A C T

We analysed the intensity data collected immediately after three strong earthquakes (Mw≥6) that occurred in
Italy in the last decade to infer location, orientation and size of the relevant seismogenic faults using the Boxer
method. We show that, starting from a few hours after the earthquake, such macroseismic method could have
provided a characterization of the seismogenic source comparable to instrumental methods, some of which
would have required much more time to provide stable results. Particularly for the 6 April 2009 earthquake, the
analysis of macroseismic survey data could have been able to accurately constrain, starting already from the
early afternoon of the day of the main shock, location, orientation and size of the area of maximum coseismic
displacement, related to the activation of the Paganica-S. Demetrio fault system. For the 20 May 2012 Emilia and
the 24 August 2016 Amatrice earthquakes, preliminary macroseismic surveys were carried out within a few days
from the main shocks, but their data were made available publicly a month later. For the 20 May 2012 Emilia
earthquake, the orientation of the fault could have been correctly determined even if the size would have been
underestimated. For the 24 August 2016 Amatrice earthquake, both the orientation and the size could have been
correctly assessed. We also compared such macroseismic determinations with those obtained for some historical
earthquakes in the same areas. The analysis of the cumulate intensities observed after the shocks of 24 August,
26 and 30 October 2016 indicates an overall Mw 6.8 comparable to that (Mw 6.9) of the largest earthquake
occurred in the same section of the Apennines (14 January 1703). Even if the inferred orientations of the 2016
and 1703 boxes are very similar, the epicentres differ of about 20 km indicating a probable distinct fault system
for the two earthquakes.

1. Introduction

After a strong earthquake, the scientific community produces quick
preliminary estimates (e.g. hypocentre locations, focal mechanisms,
ground displacement by the Global Positioning System-GPS and the
Differential Interferometric Synthetic Aperture Radar-DInSAR, etc.) for
source characterization, hazard assessment, planning and support of the
Civil Protection Department (DPC) and of decision makers. The quick
data, achieved in a time span ranging from a few minutes to some days
usually are improved in the following weeks or months through the
acquisition of further data and the refinement of processing methods.

In Italy, intensity data are collected by field surveys starting from
the early hours after the earthquake, despite the survey reports (SRs)
are generally published a few months after the event. However, a rea-
sonable collection of such data is usually made available to the survey

team at the end of the first day of survey. The data collection in the
most damaged sites is not always possible shortly after the earthquake
because the access to such sites is usually interdict to facilitate the
rescue of victims and the securing of buildings. We show that even the
intensity data collected in surrounding sites can be sufficient to ade-
quately characterize the seismogenic source by current computer
methods of analysis of seismic intensities (Gasperini et al., 1999, 2010).

For strong earthquakes (Mw≥6), like those which occurred in the
last decade in Italy, the instrumental epicentre determined by first ar-
rival times of body waves is not a good proxy of the seismogenic source
because it represents the surface projection of the focus from which the
rupture initiates rather than the centre of the fractured area (which may
extend to tens of km) or of the area where the coseismic deformation is
larger. For strong shallow earthquakes, like those considered in the
present paper, even the centroids computed by moment tensor (MT)

https://doi.org/10.1016/j.tecto.2018.11.002
Received 14 June 2018; Received in revised form 6 November 2018; Accepted 9 November 2018

⁎ Corresponding author at: Istituto Nazionale di Geofisica e Vulcanologia, sezione di Bologna, Via D. Creti, 12-40128 Bologna, Italy.
E-mail address: gianfranco.vannucci@ingv.it (G. Vannucci).

Tectonophysics 750 (2019) 70–92

Available online 17 November 2018
0040-1951/ © 2018 Published by Elsevier B.V.

T

http://www.sciencedirect.com/science/journal/00401951
https://www.elsevier.com/locate/tecto
https://doi.org/10.1016/j.tecto.2018.11.002
https://doi.org/10.1016/j.tecto.2018.11.002
mailto:gianfranco.vannucci@ingv.it
https://doi.org/10.1016/j.tecto.2018.11.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tecto.2018.11.002&domain=pdf


inversions have very poor accuracy (e.g. Smith and Ekström, 1997;
Kagan, 2003). On the other hand, the focal mechanisms provide a
couple of nodal planes from which the really slipped fault plane can be
discriminated from the auxiliary plane using other kinds of information
only (e.g. aftershocks distribution, ground fractures, geodetic de-
formation) that usually require several days or weeks to be collected.

Conversely, the macroseismic epicentre, estimated from the dis-
tribution of largest macroseismic intensities, is naturally attracted by
the centroid of the fault because intensity is related to ground motion
amplitude. For the same reason, the orientation determined from the
distribution of intensities tend to reflect the real fault plane where the
coseismic displacement did actually occur, rather than that of the
auxiliary plane where no slip occurred during the earthquake.

Italy has centuries-old tradition of collecting macroseismic in-
tensities that produced a bulk of information on a time range of over
2000 years. The latest versions of macroseismic databases and catalo-
gues are the “Catalogo dei Forti Terremoti Italiani” (CFTI5Med,
Guidoboni et al., 2018), the “Italian Macroseismic Database”, (DBMI15,
Locati et al., 2016) and the “Parametric Catalogue of Italian Earth-
quakes” (CPTI15, Rovida et al., 2016).

Macroseismic intensity quantifies the earthquake effects at different
localities on humans, objects, buildings and the environment using an
ordinal index (sometimes indicated by Roman numerals) related to the
increasing severity of the ground shaking (Cancani, 1904). Despite its
ordinal definition, intensity is used as a quantitative parameter (almost
proportional to the logarithm of ground motion amplitude) in at-
tenuation equations with the distance from the source (Gupta and
Nuttli, 1976; Bakun, 2006; Pasolini et al., 2008). Macroseismic data
points (MDPs), that is the intensities estimated in different localities can
be used to compute quantitative parameters of the earthquakes as lo-
cation, magnitude and orientation of the seismogenic fault (Bakun and
Wentworth, 1997; Gasperini et al., 1999, 2010; Pettenati and Sirovich,
2003; Musson and Jiménez, 2008).

For Italy, the intensity is usually provided in the Mercalli-Cancani-
Sieberg (MCS) scale (Sieberg, 1932), but for recent earthquakes, the
European Macroseismic Scale (EMS, Grünthal, 1992, 1998) has been
also used. The intensities assessed with the EMS may well represent the
complex scenario of contemporary urban areas, with buildings ranging
in age from several centuries to a few years. Conversely, MCS intensities
are reliable only for settlements where the building heritage is similar
to that existing at the beginning of the 20th century, when the scale was
formulated by Sieberg (1932) or even if only such typologies of
buildings are taken into account by the survey. Unfortunately, the total
amount of macroseimic data collected in EMS for Italy until now is not
sufficient to assess the calibration relationships required to estimate
seismic parameters using current methods.

MCS and EMS intensities of all significant Italian earthquakes are
also provided in near real-time by web questionnaires (http://www.
haisentitoilterremoto.it/, Tosi et al., 2015) of the Istituto Nazionale di
Geofisica e Vulcanologia (INGV) and of other international organiza-
tions (e.g. U.S. Geological Survey, http://earthquake.usgs.gov/
earthquakes/dyfi/; European-Mediterranean Seismological Centre,
https://www.emsc-csem.org/Earthquake/Contribute/testimonies.php),
but for obvious reasons, for very damaging earthquakes, they miss most
of the localities in the epicentral area where intensities exceed degree
VII.

Hence, in this article, we apply the Boxer code only to traditional
MCS intensities of three strong seismic sequences (Mw≥6) which oc-
curred in Italy in the last decade: the 2009 Abruzzo, the 2012 Emilia-
Romagna and the 2016–2017 Central Italy (Fig. 1). We compared lo-
cation, orientation and size of the studied earthquakes with respect to
reference values of the same parameters derived by different data and
methods (seismometric, geodetic, geological, etc.). We show that, in the

favourable case in which MDPs were available starting from a few hours
or a few days after the strong earthquake, the computed macroseismic
parameters would have had comparable or sometimes better accuracies
than instrumental parameters available at the same time.

2. Case studies and seismotectonic setting

2.1. 2009 earthquake

The 6 April 2009 (01:32 UTC) a strong earthquake (Ml 5.9, Mw 6.3,
Table S1 in the supplementary material) struck the Abruzzo region
(Central Italy) causing>300 casualties,> 60,000 homeless, and heavy
damage to buildings as well as to the artistic and cultural heritage. The
instrumental hypocentre was located close to the L'Aquila town, al-
though the largest effects were observed about 10 km SW. The largest
historic events in the area reported by CPTI15 (Rovida et al., 2016) and
CFTI5Med catalogues (Guidoboni et al., 2018) are the 27 November
1461 (Mw 6.5) and 2 February 1703 (Mw 6.7) (Fig. 2).

More than 20,000 aftershocks with Ml > 0.5 were recorded by the
permanent and temporary seismic networks of the Istituto Nazionale di
Geofisica e Vulcanologia (INGV) and archived in the Italian Seismic
Instrumental and parametric Data-basE (ISIDe, Working Group, 2016).
This seismicity mainly concerned the first 12 km of the upper crust.
Although the fault did not clearly crop out the Earth's surface, induced
surface breakages and fractures were observed for a length of about
3 km with maximum offset of ~10–15 cm (e.g. ISPRA, Report, 2009;
EMERGEO, Working Group, 2009, 2010; Falcucci et al., 2009; Galli
et al., 2011; Boncio et al., 2010; Guerrieri et al., 2010) along the central
section of the Paganica fault located about 10 km eastward from the
L'Aquila town.

Two aftershocks (7 April, Mw 5.5 and 9 April, Ml 5.1, Mw 5.4, Table
S1 in the supplementary material) activated adjacent seismogenic
sources located SW and NE of the main shock respectively (Fig. 2). The
whole 2009 seismic sequence was referred to a system of 2 or 3 main
normal faults about NW-SE oriented, SW dipping, covering an extended
area of about 40 km long and 20 Km wide (Fig. 2 and Fig. S1) (e.g.
Chiarabba et al., 2009; Boncio et al., 2010; Chiaraluce et al., 2011). The
kinematics is normal, with a fault plane ~15 km long striking
~130–135° and dipping at nearly 50° SW, which is coherent with the
mapped Paganica-San Demetrio fault (Scognamiglio et al., 2010;
Pondrelli et al., 2010; Galadini and Galli, 2000).

FMs and source models provided by aftershocks distribution,
DInSAR observation, and GPS displacements (Tables S2 and S3 in the
supplementary material) well define and underline the geometry of the
seismogenic fault. The propagation of the rupture and the slip dis-
tribution on the main fault have strong spatial and temporal hetero-
geneities (Cirella et al., 2009; Ellsworth and Chiaraluce, 2009; Piatanesi
and Cirella, 2009; Serpelloni et al., 2012a). The deformation pattern is
asymmetric with respect to the hypocentre of the main shock, with
directivity effects firstly up-dip and then south-eastward along the
strike of the fault plane (Cirella et al., 2009; Pino and Di Luccio, 2009;
Scognamiglio et al., 2010; Tinti et al., 2014). The rupture velocity was
higher up-dip than along-strike, whilst the inferred slip distribution was
characterized by two distinct main asperities or sub-areas of high slip
(Atzori et al., 2009; Pino and Di Luccio, 2009): a small shallow slip
patch located up-dip the hypocentre and a larger and deeper slip patch
located south-eastward at a depth of 4–7 km (Cirella et al., 2009; Atzori
et al., 2009; Cheloni et al., 2010, 2014; Serpelloni et al., 2012a). The
maximum subsidence area as determined by DInSAR models (< 1m)
was located in the hanging wall centre, about 4–5 km away from the
surface fractures and about 9 km SE from the instrumental epicentre.
Part of this asymmetry can be attributed to the 7 of April strong shock
(Papanikolaou et al., 2010).
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2.2. 2012 Sequence

The 20 May 2012 (02:03 UTC) (hereinafter M20, with Ml 5.9, Mw
6.1, Table S1 in the supplementary material) and the 29 May earth-
quakes (07:00 UTC) (hereinafter M29, with Ml 5.8, Mw 5.9, Table S1 in
the supplementary material) struck the Emilia Romagna region
(Northern Italy) causing 27 casualties and significant damage to houses,
structures, monumental and industrial buildings. Before 2012, the
strongest historic event in the stricken area was the Mw 5.3 earthquake
of 6 April 1639 reported by the CPTI15 catalogue (Rovida et al., 2016)
(Fig. 2).

According to the INGV bulletin, the 2012 seismic sequence includes
6 other shocks with Mw≥5, about 80 shocks with Ml≥3.5 (Massa
et al., 2012) and> 3000 shocks with M > 0.5. The revised hypo-
centres and the aftershocks distribution, cover an area ~50 km long and
~15 wide, elongated in the ~EW direction (e.g. Govoni et al., 2014)
(Fig. 2). The active front of the 2012 sequence is referred to a system of
blind fold-and-thrust belts with opposing verging, arranged in an en-
echelon system ~E–W oriented, ~20–40° dipping and ~Southward
slipping (Scognamiglio et al., 2012; Pondrelli et al., 2012). These belts
(the Southern Alps ~ South-verging and the Northern Apennines,
~North-verging) are due to the relative convergence of the African and
European plates since the Cretaceous period. These characteristic flat-

and-ramp structures with arched shape are buried by the Plio-Qua-
ternary sediments of the Po Plain (Fig. S1), which is a geological
foreland basin with thickness of sediments ranging between few tens of
m close to the top of the buried anticlines to several km (Pieri and
Groppi, 1981; Bigi et al., 1992; Boccaletti et al., 2004; Bennett et al.,
2012) like that of Mirandola (Valensise and Pantosti, 2001; Basili et al.,
2001; Burrato et al., 2003; DISS, Working Group, 2010; Vannoli et al.,
2015). The earthquake of M20 and M29 occurred on two independent
parts of these blind structures, already identified as possible seismo-
genic sources in DISS (DISS, Working Group, 2010). In particular, the
Mirandola anticline is the thrust fault responsible for the M29 event
(Burrato et al., 2012). The M20 and M29 structures show a decreasing
dip with increasing depth on the fault plane (Pezzo et al., 2013; Cheloni
et al., 2016). The aftershocks distribution highlights a dip change in the
fault planes from steeper to flatter, going from W to E (Govoni et al.,
2014; Chiarabba et al., 2014).

The M20 event is probably located on a segment of the Ferrara fold-
and-thrust belt. The aftershocks distribution depicts a large region ex-
tended toward both WSW and ESE from the instrumental epicentre.
Surface deformation by DInSAR data indicates a shallow slip patch E of
the epicentre and an area of ground uplift elongated in the WSW di-
rection from the epicentre (Salvi et al., 2012) with 1m of reverse slip
(Cheloni et al., 2016). Convertito et al. (2013) and Cesca et al. (2013)

Fig. 1. Sequences of 2009 (A), 2012 (B) and 2016–2017 (C).
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modelled fracture directivity toward SE in disagreement with pre-
liminary results by Piccinini et al. (2012), indicating WSW. The M20
event probably accelerated the activation of the westward thrust (M29
event) related to the Mirandola anticline (Burrato et al., 2012; Pezzo
et al., 2013), even if the latter was probably close to rupture already
(Cesca et al., 2013). Between the M20 and M29 shocks, Cheloni et al.
(2016) modelled a third thrust segment with aseismic slip (corre-
sponding to an earthquake of about Mw 5.8), triggered by the M20
event, and which probably accelerated the M29 shock. The M29 seis-
mogenic source was characterized by up-dip directivity and a strong
asymmetric propagation of the rupture southward (Cesca et al., 2013).

2.3. 2016–2017 sequence

The 2016 Central Italy sequence (Fig. 2) started on 24 August
(01:36 UTC) (hereinafter A24, with Ml 6.0, Mw 6.2, Table S1 in the
supplementary material), at several tens of km north of the 2009 se-
quence, causing about 300 casualties. About two months later, the se-
quence reactivated northward: a strong shock (Ml 5.9, Mw 5.9, Table S1
in the supplementary material) occurred on 26 October (hereinafter
O26), damaging new localities and increasing previous effects. On 30
October 2016, a very strong shock (hereinafter O30), the largest in Italy

in the last 35 years (Ml 6.1, Mw 6.5), struck the Central Apennine, with
epicentre located near the city of Norcia. O30 is the strongest shock that
occurred in Central-Northern Apennine during the instrumental era,
similar in magnitude to that of 7 September 1920 in Garfagnana (Ms
6.5, Margottini et al., 1993; Mw 6.5, Rovida et al., 2016). In January
2017, the seismic sequence propagated southward of the A24 event,
with four shocks of Mw > 5, the strongest of them (Ml 5.4, Mw 5.5)
occurred on 18 January (hereinafter J18) close to the artificial lake of
Campotosto (Table S1 in the supplementary material). The strongest
historic events in the area reported by the CPTI15 (Rovida et al., 2016)
and CFTI5Med catalogues (Guidoboni et al., 2018) (Fig. 2) occurred on
1 December 1328 (Mw 6.5), 7 October 1639 (Mw 6.2), 14 January
1703 (Mw 6.9), 12 May 1730 (Mw 6.0), and 19 September 1979 (Mw
5.8).

The seismic sequence of 2016–2017 probably activated a system of
at least three main normal faults (Fig. 2 and Fig. S1) ~NNW-SSE or-
iented, and ~45° SW dipping. A further segment could be associated
with an antithetic NE dipping normal fault (Cheloni et al., 2017) or
with a pre-existent low-angle compressive structure related to a seg-
ment of the Sibillini Thrust (Lavecchia et al., 2016). These structures
appear shallower in the area located in between the strongest shocks of
August and October (Chiaraluce et al., 2017; Scognamiglio et al., 2016;

Fig. 2. Seismicity over time in study areas. Stars and triangles indicate the earthquakes with Mw > 5, from ISIDe and CPTI15 catalogues (Table S1 in the sup-
plementary material). Panel A: 6 April 2009 main shock (2009ms) and 27 November 1461 and 2 February 1703 earthquakes according to CPTI15 are indicated.
Panel B: 20 and 29 May 2012 earthquakes (2012a and 2012b, respectively). Panel C: 24 August 2016, 26 and 30 October 2016 and 18 January 2017 (2016a, 2016b,
2016c, 2017, respectively). The areas of 1997–1998 (Colfiorito sequence to the North) and 2009 (Aquila, to the South) are also indicated with light grey ellipses.
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Pondrelli et al., 2016; Xu et al., 2017). Evidences of primary surface
faulting were observed at Monte Gorzano and Monte Vettore
(EMERGEO, Working Group, 2016). The entire fault system (Fig. S1)
covers an area of about 70 km long and 25 km wide and occupies a
portion of the Apennine chain between the recent sequences of
1997–1998 Umbria Marche and the 2009 Abruzzo sequences (Fig. 2). A
basal (~10–12 km in depth), low angle E dipping plane seems to limit
in depth the main faults responsible for the strongest events (Chiaraluce
et al., 2017; Lavecchia et al., 2016). The depth of the aftershocks de-
creases from S to N (Chiaraluce et al., 2017) with implications, parti-
cularly for the A24 earthquake, for the interpretation of coseismic off-
sets observed on the ground surface at Gorzano and Monte Vettore.
According to EMERGEO, Working Group (2016) and Pucci et al. (2017),
they could be attributed to the fault plane emerging at the surface,
whereas according to Gispert Busquets (2017) and Huang et al. (2017),
they could refer to gravitational collapses of earthquake-induced
landslides.

3. Macroseismic method

Boxer method (Gasperini et al., 1999, 2010) assesses the epicentral
location of earthquakes as the barycentre of the sites with most severe
effects (method 0) or as the centre of the entire intensity distribution
using the attenuation law of Pasolini et al. (2008) (methods 1–6). It also
computes the macroseismic magnitude (Mwm) by considering the en-
tire distribution of MDPs. Boxer also estimates the source orientation by
assuming that the rupture extension of the finite fault, rather than
source radiation, determines highest intensities so that the localities
with the highest intensities are the closest to the fault plane. Rayleigh
and Kuiper tests of uniformity of the angular distribution of intensities
are used to assess the reliability of the estimated orientation (Rock,
1988; Fisher, 1993).

The estimated location and orientation together with the source
length and width derived from empirical relationships with moment
magnitude Mw (Wells and Coppersmith, 1994) allow the drawing of an
oriented rectangular area (the “box”), which possibly represents the
surface projection of seismogenic fault. Boxer assesses the uncertainties
in all the computed parameters using both formal approaches and
bootstrap simulations (Efron and Tibshirani, 1986; Hall, 1992). Among
the 7 location methods provided by release 4.0 of Boxer code (Gasperini
et al., 2010), we only considered methods 0, 1 and 4 because they are
the most reliable and stable even with relatively poor data. Method 0
and 1 only compute the epicentre coordinates, whereas method 4 also
estimates the intensity at the epicentre and the source depth. Method 0
was proven to be particularly robust even with poor macroseismic data
distributions but differently from methods 1 and 4 cannot locate

earthquakes offshore. Methods 0 and 4 were chosen for locating the
earthquakes in the CPTI15 catalogue (Rovida et al., 2016), compiled for
seismic hazard assessment in Italy. Even if in principle one can compute
the fault orientation using any location method from 0 to 6, in this
work, we only used method 0 because it is more consistent with the
assumptions on which the computation of fault orientation is based.

Gasperini et al. (2010) and Bakun et al. (2011) showed that mac-
roseismic parameters (magnitude, location and seismogenic structure
orientation) are in fair agreement with instrumental parameters for
Italian earthquakes.

4. Assessment of reference values

The reliability of the macroseismically estimated parameters could
be quantified by the comparison with authoritative reference determi-
nations from instrumental data. Unfortunately, the wide literature that
accompanies each of the considered seismic sequences provides a
number of different estimates that do not exactly match one with the
others.

Then, we proceed first to determine the reference values of location,
fault centre (RefL), fault orientation (RefO) and magnitude (RefM) as a
combination of all of the reliable instrumental determinations we found
in the literature (listed in Tables S2 to S7 of the supplementary mate-
rial).

For RefL, the aim is to find the geographical coordinates that best
characterize the surface projection of the centre of the fault plane or of
the area with maximum coseismic deformation. We already mentioned
that the instrumental epicentre is not a reliable proxy of the fault centre
because it represents the point where the fracture initiates propagation
and then it is often located on a side of the fault rather than at its centre
and that the MT centroids are also unreliable because they are poorly
constrained by the MT inversion procedure. Hence, for RefL computa-
tion, we discarded all instrumental hypocentres and MT centroids and
only considered the estimates of the fault centre obtained from the
modelling of DinSAR, GPS and strong motion data as well as from the
analysis of geological data (e.g. surface fracturing) that are better re-
lated with the maximum coseismic deformation.

We compute the barycentre of various estimates by simply aver-
aging the coordinates reported by papers or, if not available, they were
digitalized by us from figures. In Table 1, we report the RefLs computed
for the first main shocks of the three sequences (A06, M20 and A24).
For the 2012 and 2016–2017 sequences, we also reported the RefLs for
the entire sequence (SEQ) computed as the averages of the RefLs for the
largest shocks of each sequence.

We compute RefO as the angular mean (Fisher, 1993) of the or-
ientation of available sources (Tables S3, S5, S6 and S7 in the

Table 1
Reference values for location (RefL), orientation (RefO) and magnitude (RefM) of the study cases: 2009, 2012 and 2016–2017 events. 29 May 2012 data are used only
to compute the sequence reference data (SEQ). RefM is the equivalent magnitude of the sum of scalar moments of strongest (Mw≥5.7) shocks: M20 and M29, for the
2012 sequence and A24, O26, O30 and J18, for the 2016–2017 sequence.

Year Date, time (UTC) and acronym RefL RefO RefM

Lat Lon Ellipse uncert. max semi-axis Ellipse uncert. min semi-axis Azimuth (± std) (deg)

Len (km) Az (deg) Len (km) Az (deg)

2009 6 April (01:32) (AQ6) 42.32 13.426 2.22 93.2 1.13 3.16 131.95 (4.02) 6.29 (0.07)
2012 20 May (02:03) (M20) 44.846 11.318 6.76 97.4 3.4 7.4 105.69 (6.8) 6.09 (0.07)

29 May (07:00) (M29) 44.849 11.048 15.56 110.42 3.73 20.42 100.04 (6.62) 5.9 (0.07)
Sequence (SEQ) 44.847 11.183 – – – – 102.87 (13.4) 6.21 (0.14)

2016–2017 24 Aug. (A24) 42.723 13.237 6.15 49.71 2.51 139.71 158.5 (3.1) 6.19 (0.07)
26 Ott. (O26) 42.954 13.12 – – – – 156.6 (4.5) 6.06 (0.07)
30 Ott. (O30) 42.811 13.186 – – – – 158.9 (5.3) 6.59 (0.07)
18 Jan (J18) 42.588 13.34 – – – – 153.41 (6.3) 5.72 (0.07)
Sequence (SEQ) 42.769 13.221 – – – – 156.88 (19.2) 6.7 (0.28)
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supplementary material). For the available FMs (Table S2, S4, S6 and
S7 in the supplementary material), we select the nodal planes S dipping
(for 2012) or SW dipping (for 2009 and 2016–2017) which have been
recognized, from the aftershocks distributions, as those where seismic
rupture did actually occur.

We only considered revised MT solutions from online databases or
orientation data from published peer-reviewed papers, discarding any
orientation, arbitrarily fixed by the authors, which is not strictly related
to real observations. In the case of multiple solutions provided by the
same authors, we only used the preferred one, if it is explicitly in-
dicated. Otherwise, we use all the provided solutions as separate esti-
mates. In cases where the orientation is given as a range, we use the
average of the two extremes and if two planes are given for the same
seismogenic source, we use the average of parameters provided for both
planes. When numerical values are missing, but a georeferenced map is
available, we digitalized the orientation from the map.

We compute RefM as the weighted mean of Mw available in dif-
ferent MT catalogues according to the procedure described by Gasperini
et al. (2012). For each sequence, we report in Table 1 the RefM for the
first main shocks (A06, M20 and A24), as well as for the other strongest
(Mw≥5.7) shocks that occurred in 2012 (A29) and 2016–2017 se-
quences (O26, O30 and J18). We also report the cumulate RefM for
both the 2012 and 2016–2017 sequences (SEQ) as the magnitude cor-
responding to the sum of scalar moments of the shocks that released
most of the coseismic energy: M20 and M29 for the 2012 sequence and
A24, O26, O30 and J18 for 2016–2017 sequence.

5. Macroseismic source parameters

While for the 2009 Abruzzo earthquakes, preliminary MCS in-
tensities were made available a few hours after the main shock

(Table 2), for the 2012 and 2016–2017 earthquakes, the intensities
were published only some weeks or months after the events (Table 3).
The timing for the public availability of intensities represents the key
point for a fast characterization of the seismogenic source by macro-
seismic data.

For a single main shock (like in the case of 2009 earthquake), the
MDPs can be used to derive the parameters of the causative seismogenic
source. A problem arises in the case of the occurrence of other main
shocks with similar magnitude (within 0.2–0.3 units) or larger, close in
time and space. In this case, the single source analysis can only be done
for the first main shock, provided that enough intensities were collected
within the time frame before the successive main shocks. The possible
occurrence within such time frame of other strong aftershocks having
lower magnitude or of early post seismic slip on the main fault does not
contribute much to the total released seismic moment (about 10–20%
at most that corresponds to increases of 0.03–0.05 in terms of moment
magnitude) and then it can be neglected for the sake of comparison
with instrumental data. After the occurrence of further main shocks, the
intensities assessed reflect the progressive worsening of damage and the
extension of the stricken area, owing to subsequent shocks. Then they
can be used to derive parameters of a cumulated source representing
the entire sequence as a whole.

5.1. 2009 Abruzzo earthquake

The QUick Earthquake Survey Team (QUEST, http://quest.ingv.it/
index.php) started the macroseismic survey on 6 April, a few hours after
the A06 main shock. The MCS intensities collected in the first day were
made available to all members of the survey team by two emails (Galli
et al., 2009, personal communication) sent at 15:00 UTC and 20:58
UTC (survey reports SR #1 and #2 in Table 2, respectively). In the

Table 2
SRs for the 6 April 2009 earthquake by macroseismic survey. Number of localities (Nloc), data source and reference, as well as added (Add) and modified (Var)
intensities, with respect to the localities of the previous SR, are indicated.

Event MDPs Availability date/time (UTC) Intensities Reference

Nloc Add Var

6 April 2009 SR #1 6 April, 15:00 29 – – Unpublished mails by Paolo Galli
SR #2 6 April, 20:58 40 11 –
SR #3 7 April 77 37 2 Camassi et al., 2009a
SR #4 9 April 129 52 6 Camassi et al., 2009b
SR #5 20 April 184 55 Camassi et al., 2009c
SR #6 2 August 315 131 31 Galli et al., 2009; Camassi et al., 2009d

Table 3
SRs in MCS for the 2012 and 2016 earthquakes by macroseismic survey.

Event Date Data source

Publication type Reference

2012 May 20 28 May Report QUEST INGV, 2012 effect descriptions and no intensities
15 June Report Galli et al., 2012a, 2012b
4 September Paper Galli et al., 2012a, 2012b

2012 cumulated 31December 2014 Paper Graziani et al., 2015
24 August 2016 21 September 2016 Report Galli et al., 2016a

22 November 2016 Paper Galli et al., 2016b
24 September 2017 Paper Galli et al., 2017

26 October 2016 29 October 2016, 20 h (15 November 2016) Report Tertulliani and Azzaro, 2016a
30 October 2016 10 November 2016, 20 h (15 November 2016) Report Tertulliani and Azzaro, 2016b

21 December 2016 Report Tertulliani and Azzaro, 2016c
24 September 2017 Paper Galli et al., 2017

18 January 2017 26 April 2016 Report Tertulliani and Azzaro, 2017
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Fig. 3. MCS intensities of different SR (from 1 to 6, black titles) available from macroseismic surveys of the 6 April 2009 earthquake. Added (blue titles) and modified
intensities (red titles) for each SR, with respect to the previous one, are indicated.
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following days and weeks (7, 9, 20 April), other updates were made
available on the INGV website (Camassi et al., 2009a, 2009b, 2009c,
SRs from #3 to #5 in Table 2, respectively). A few months later, a final
report was published on a scientific journal (Galli et al., 2009, SR #6 in
Table 2).

The number of MDPs progressively increased from SR #1 to #6 (29,

40, 77, 129, 184 and 315, respectively) by mainly adding sites in the
far-field. At some sites, the assigned intensities were slightly modified
in the following reports, due to revaluation based on further observa-
tions (Table 2 and Fig. 3). The highest intensities (IX-X MCS) were
observed at the villages of Onna and Castelnuovo, while intensity
reached IX and VIII-IX MCS in several other sites (among them is the

Fig. 4. MCS intensities for the 20 May shock and cumulated intensities (CI) of the entire 2012 sequence (panel A and B, respectively) by Galli et al., 2012a, 2012b
(Ga2012a,b) as well as OTC and MON CI (panel C and D, respectively) by Graziani et al., 2015 (Gr2015).
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L'Aquila town itself).

5.2. 2012 Emilia Romagna earthquakes

Two different teams (from DPC and QUEST) investigated the mac-
roseismic effects of the seismic sequence that struck the Emilia
Romagna in 2012. In the following weeks and months, the two teams
published their intensity assessments in MCS scale (Galli et al., 2012a,
2012b) and in EMS (Arcoraci et al., 2012; Tertulliani et al., 2012) re-
spectively (Table 3). Unlike the 2009 earthquake, no intensity SRs were
made available within a few hours or days after the M20 shock. The
first SR was published on the QUEST website on 28 May (Table 3), but

it only reported descriptions of the effects at the various localities
without the assessment of intensities. A few months later, Galli et al.
(2012a, 2012b) provided the first intensity assessment for 52 localities
stricken by the M20 shock (Fig. 4a). Only these data can be used to
characterize the seismogenic source of the M20 shock before the M29
shock, located ~20 km toward WSW (Fig. 2), increased the intensities
in localities already stricken by the M20 shock and extended the da-
maged area westward. After the M29 shock, the MCS intensities for 187
localities from Galli et al. (2012a, 2012b) represent the cumulated ef-
fects for the whole sequence (Fig. 4b).

The maximum MCS intensity VII assessed by Galli et al. (2012a,
2012b) at sites in the epicentral area is relatively low compared with

Fig. 5. MCS intensities for the 24 August 2016 earthquake from Galli et al., 2016a, 2016b (panel A and B, respectively) and Galli et al., 2017 (panel C). Cumulated
intensities for the 2016–2017 sequence from Tertulliani and Azzaro, 2017 (panel D) Galli et al., 2017 (panel E).
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those observed in the past for earthquakes with similar magnitude.
Despite the reasonable and careful purposes of the authors to “take into
account the effects recorded by the buildings inside the old centres”
(Galli et al. (2012b), one might argue that even buildings not fully
fitting the MCS scale typologies were somehow considered by them to
assign the intensity.

Actually, Graziani et al. (2015) assessed maximum MCS intensity
VIII strictly by considering stone and masonry buildings only, clearly
delimited to the “old town centres” (OTC) in order to mimic a building
heritage similar to the one existing at the time of MCS scale formulation
(Sieberg, 1932) (Fig. 4c). The same authors also assessed a maximum
MCS intensity IX by considering only “monumental and historical
buildings” (MON) (Fig. 4d).

5.3. 24 August 2016 earthquake and 2016–2017 seismic sequence in
Central Italy

Also for this sequence, DPC and QUEST organized separate field
surveys to record macroseismic effects starting from the first days after
the A24 shock, but the related intensity data were published online only
a few months later. Intensities for the A24 earthquake were assessed in
MCS by DPC (Galli et al., 2016a, 2016b, 2017) and in EMS by QUEST
(Tertulliani and Azzaro, 2016a, 2016b, 2016c, 2017) (Table 3). The
number of assessed MCS intensities increases from 240 localities
(Fig. 5a) of Galli et al. (2016a) to 307 localities (Fig. 5b) of Galli et al.
(2016b) and to 437 localities (Fig. 5c) of Galli et al. (2017).

Both QUEST (Tertulliani and Azzaro, 2017) and DPC (Galli et al.,
2017) collected MCS intensities after the O26, O30 and J18 shocks
(Fig. 5d and Fig. 5e, respectively) that quantify the cumulated damage
of the entire sequence. Intensities>VI (that is, larger than the damage
threshold) were observed in an area NNW-SSE oriented ~80 km long
and ~30 km wide.

6. Results and discussion

6.1. Earthquake of 6 April 2009

Table 4 reports the macroseismic parameters (epicentre coordinates,
orientation and magnitude) estimated using Boxer method 0 for the 6
SRs available for this earthquake. The results for Boxer methods 1 and 4
are reported in Table S8 of the supplementary material. We summarize
in Table 5 the distances of macroseismic epicentres from RefL and the
difference in magnitude from RefM computed by Boxer methods 0, 1
and 4 as well as the differences in orientation from RefO for Boxer
method 0 only. All macroseismic magnitudes are underestimated but
the degree of underestimation decreases from −0.44 to −0.22 as time
goes by from SR#1 to #6. The macroseismic epicentres for all the SRs
and methods are located relatively close (4–7 km) to the RefL epicentre.
Particularly for SR>#2, when the MDPs distribution extend beyond
the area of largest intensities (Fig. 3), the epicentres computed based on
the entire intensity distribution (methods 1 and 4) become closer to
RefL (Fig. 6) with respect to that computed based on the distribution of
largest intensities only (method 0). The orientations of the macro-
seismic boxes are also close (within 3–16°) to the RefO value. All
computed orientations are significant according to the Kuiper and
Rayleigh tests (see Gasperini et al., 1999, 2010). The uncertainties of
macroseismic parameters tend to decrease as the number of data in-
creases with time from SR #1 to SR #6 (Fig. 6, Table 4).

In Fig. 7, we show the macroseismic sources based on Boxer method
0 for all the available 6 SRs in comparison with instrumental and
geological data. We note the progressive elongation with time toward
SE of the macroseismic boxes (from SR #1 to #6, red to black lines).
The revised instrumental epicentre (black star in Fig. 6 and 7) was lo-
cated eastward with respect to the preliminary one (grey star), but both
of them lie outside but close to the NW borders of the macroseismic
boxes (Fig. 7). This is possibly related to the asymmetric propagation
toward SE of the coseismic rupture (Cirella et al., 2009; Pino and Di
Luccio, 2009; Scognamiglio et al., 2010).

The size of the macroseismic boxes increases as the magnitude in-
creases from SR #1 to #6, thus displacing the SE boundary, while at the
same time, the NW boundary remains almost fixed in the same position
(close to RefL location). The fact that different boxes overlap one to the
other for most of the area and have similar orientation testifies to the
stability of the macroseismic sources determination over time. The lo-
cations and orientations of macroseismic boxes are in good agreement

Table 4
Macroseismic source parameters (Azimuth, Length, Width and Magnitude) for the six SRs using the barycentre method (Boxer 0) proposed by Gasperini et al., 2010).
Naz= number of localities for azimuth assessment of the box. Nb=Number of bootstrap resampled random paradata sets. Within parentheses: uncertainties of
parameters (f= formal, b= bootstrap). Ray and Kui: significance levels of Kuiper and Rayleigh tests of uniformity of the orientation.

Date/time (UTC) Naz Nb Lat (deg)
(± f; ± b km)

Lon (deg)
(± f; ± b) (km)

Azimuth
(± f; ± b) (deg)

Ray Kui Mwm (± f; ± b) Length
(± b) (km)

Width (± b)
(km)

SR #1 6 April (15) 6 78 42.328 (1.7;1.6) 13.478 (3.5;2.7) 128.7 (12.8;24.8) 0.076 0.1 5.85 (0.23;0.11) 10.3 (1.5) 7.3 (0.5)
SR #2 6 April (20:58) 6 100 42.328 (1.7;1.5) 13.478 (3.5;2.3) 128.7 (12.8;29) 0.076 0.1 5.88 (0.19;0.08) 10.7 (1.2) 7.5 (0.5)
SR #3 7 April 8 174 42.32 (1.7;1.7) 13.493 (4.3;2.9) 124.2 (11.2;16) 0.048 0.1 5.85 (0.14;0.08) 10.3 (1.2) 7.3 (0.4)
SR #4 9 April 9 278 42.32 (1.6;1.4) 13.493 (2.9;3) 115.7 (10.2;14.9) 0.028 0.1 6.03 (0.11;0.09) 13.2 (1.4) 8.3 (0.5)
SR #5 20 April 9 388 42.32 (1.7;1.6) 13.493 (4.3;3) 121.5 (8.6;15.6) 0.012 0.05 6.05 (0.1;0.14) 13.5 (2.5) 8.4 (0.9)
SR #6 2 August 16 650 42.309 (2.1;1.7) 13.51 (1.5;2.5) 123.7 (7.7;15.8) 0.001 0.01 6.07 (0.09;0.09) 13.8 (1.5) 8.6 (0.5)

Table 5
Distance (in km) between macroseismic epicentre and RefL (Dst_RefL).
Differences between macroseismic source orientation and RefO (D_RefO),
macroseismic magnitudes (Mwm) and RefM (D_RefM).

Date/time (UTC) Mth Dst_RefL (km) D_RefO (deg) D_RefM

SR #1: 6 April (15) NLOC: 29 0 4.4 −3.26 −0.44
1 5.0 −0.41
4 6.2 −0.38

SR #2: 6 April (20:58)
NLOC: 40

0 4.4 −3.26 −0.41
1 4.7 −0.39
4 6.2 −0.36

SR #3: 7 April
NLOC: 77

0 5.5 −7.76 −0.44
1 4.1 −0.44
4 4.1 −0.44

SR #4: 9 April
NLOC: 129

0 5.5 −16.26 −0.26
1 4.5 −0.25
4 4.3 −0.25

SR #5: 20 April
NLOC: 184

0 5.5 −10.46 −0.24
1 4.6 −0.24
4 4.3 −0.24

SR #6: 2 August
NLOC: 315

0 7.0 −8.26 −0.22
1 5.1 −0.23
4 5.0 −0.23
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with modelled sources from the literature (Fig. 7a and b) and with
evidences of surface fracturing along the Paganica-San Demetrio fault
(Fig. 7c). We also note a good agreement of the macroseismic boxes
with the mostly deformed section of the seismogenic fault as described
by DinSaR data (Fig. 7c) and with the models of coseismic slip

distribution from GPS data by Serpelloni et al. (2012a) (Fig. 7d) and
Cheloni et al. (2014) (Fig. 7e).

In Fig. 8, we show the evolution over time of the differences in
location, azimuth and magnitude estimates made by different methods
(listed in Table S9 in the supplementary material) with respect to

Fig. 6. Macroseismic boxes (for the method 0) and epicentres (for methods 0, 1 and 4) for the six SRs available for the 2009 earthquake. Epicentre bootstrap
uncertainty ellipses (at 90% of confidence), instrumental epicentres (small stars), RefL (large white star) and RefO (blue line) are also shown. See Tables 1, 4 and S8
in the supplementary material for details of parameters. The same data alongside the MCS intensities are plotted in Fig. S2.
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reference values (RefL, RefO and RefM, respectively). We observe a
significant variation over time of instrumentally determined para-
meters. They stabilize close to reference values starting from a few
months after the earthquake only when deepened analyses were finally
published on peer-reviewed journals. Macroseismic location stabilizes
with similar accuracies since a few days after the main shock. Macro-
seismic orientations in the first day (SR #1 and #2) are surprisingly
closer to RefO than later ones, while macroseismic magnitude is rela-
tively far from RefM but progressively improves with time.

Macroseismic parameters of the 2009 earthquakes were almost to-
tally neglected by the scientific literature: to our knowledge the only
publication showing a macroseismic box of the Abruzzo earthquake
(relative to SR #5) is a web report of GEER Association by Di Capua

et al. (2009).

6.2. Sequence of 2012

In Table 6 and Table S10 of the supplementary material, we show
the macroseismic parameters computed for the M20 event as well as for
the cumulated intensities of the entire seismic sequence and in Table 7,
we summarize the differences between macroseismic parameters and
reference values.

While instrumental analyses allow to define separately the me-
chanisms responsible for both strongest shocks, the estimation of
macroseismic parameters is hindered by the short time span between
the two shocks that prevented the collection of much data for the M20

Fig. 7. Abruzzo 2009 earthquake data. All the Panels: macroseismic epicentres and boxes for the six SRs (#1–6) available are displayed with colours in red tones.
Panel A: quick FMs and preliminary modelled sources (dashed boxes). Panel B: revised FMs and modelled sources. Instrumental epicentres (small stars) and reference
location and orientation (RefL and RefO) are shown (large white star and black line, respectively). Panel C: DInSAR data and geological parameters of fault and
fractures. Authors and acronyms: Atzori et al., 2009 (At2009); Falcucci et al., 2009 (Fa2009); Anzidei et al., 2009 (An2009); Galli et al., 2010 (Ga2010), ISPRA,
Report, 2009, EMERGEO, Working Group, 2010 (EmWG2010); Boncio et al., 2010 (Bo 2010). Acronyms of FMs are listed in data and resource section. Rose diagrams
show orientations of the measurements (ms) of the fractures by EmWG2010 in three sites (1, 2, 3 in red colours). Coseismic slip by Serpelloni et al., 2012a, 2012b
(Panel D) and Cheloni et al., 2014 (Panel E). Details of the sources are shown in Table S3 of the supplementary material. (For interpretation of the references, the
reader is referred to the web version of this article.)
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and prevented the assessment of the damage produced by the M29
alone. Hence, only the parameters of M20 can be determined in order to
make inferences about its seismogenic fault. Moreover, the lack of
“preliminary” SRs for this shock makes impossible a comparison as a
function of time with other methodologies similar to the 2009

earthquake.
The macroseismic magnitude from the DPC data collection (Galli

et al., 2012a, 2012b) is significantly underestimated with respect to
RefM (~−0.9). This is reflected by the size of the associated macro-
seismic box (computed according to Wells and Coppersmith, 1994),

Fig. 8. Differences over time of distance, azimuth
and Mw with respect to RefL, RefO, RefM respec-
tively, for quick and revised FMs, peer-reviewed
(prp) and not peer-reviewed (nprp) modelled sources
(ModSRs) and macroseismic boxes (yellow squares
with the number of the corresponding SR). Data used
for assessing reference values are reported with filled
symbols. The red dotted lines represent 90% con-
fidence limits of data used to compute reference
values (Table 1). X-axis indicates the data reference
number (n. rif.) as reported in Table S9 of the sup-
plementary material. (For interpretation of the re-
ferences and values, the reader is referred to the web
version of this article.)

Table 6
As shown in Table 4 for the 2012 sequence using the barycentre methods (n. 0) only. 20 May (M20) and cumulated intensities (CI) MDPs from Galli et al., 2012a,
2012b (Ga2012). Cumulated OTC and MON from Graziani et al., 2015 (Gr2015). See Table S9 in the supplementary material for parameters of methods 1 and 4.

MDPs Naz Nb Lat (deg) (± f;± b
km)

Lon (deg) (± f; ± b)
(km)

Azimuth (± f;± b)
(deg)

Ray Kui Mwm
(± f;± b)

Length (± b)
(km)

Width (± b)
(km)

M20
(Ga2012)

6 254 44.841 (1.9;1.9) 11.206 (5.7;6,1) 103.6 (6.3;14.3) 0.0005 0.01 5.19 (0.27;0.09) 4. 2 (0.4) 4.5 (0.3)

CI
(Ga2012)

8 524 44.877 (1.2;1.9) 11.004 (2.9;2.9) 100.6 (30.7;27.7) 0.602 1. 5.19 (0.17;0.08) 4.2 (0.5) 4.5 (0.3)

CI OTC
(Gr2015)

7 216 44.872 (2.3;2.3) 11.029 (5.2;5) 115.8 (11.2;12.5) 0.091 1. 5.70 (0.24;0.04) 8.4 (0.5) 6.5 (0.2)

CI MON
(Gr2015)

3 216 44.851 (2.7;2.3) 11.111 (5.4;6.3) 120.0 (10.1;11.4) 0.112 1. 5.96 (0.22;0.12) 11.8 (1.8) 7.9 (0.7)
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which is ~½ in length and width with respect to that computed using
the instrumental magnitude. The macroseismic epicentre is between 8
and 9.5 km (depending on the location method) far from the RefL
(Table 7 and Figs. 9 and 10). Note that the macroseismic epicentre is
shifted in the opposite direction with respect to the supposed SE di-
rectivity of the main shock (Cesca et al., 2013; Convertito et al., 2013)
and is relatively far from the mostly strained area (Fig. 10) as observed
by DInSAR (Salvi et al., 2012; Bignami et al., 2012; Pezzo et al., 2013)
and GPS (Serpelloni et al., 2012b; Cheloni et al., 2016) modelled
sources (Fig. 10). Conversely, the orientation of the macroseismic box is
in very good agreement (~3°) with RefO (Table 7).

The disagreement between macroseismic magnitude and RefM
might be due to the short period between M20 and M29 that prevented
a thoughtful and complete MCS intensity survey of the stricken area by
the small DPC team alone, while researchers from other institutions
were committed to the EMS survey.

The superposition of the damage due to both M20 and M29 pro-
duced cumulated intensities that can be compared with the reference
values of the entire sequence (RefLSEQ, RefOSEQ and RefMSEQ in
Table 1). The macroseismic epicentre of the cumulated intensities (Galli
et al., 2012a, 2012b) is relatively close to the instrumental epicentre of
the M29, but it is displaced ~14 km westward from the RefLSEQ epi-
centre (Figs. 9 and 10 and Table 7), that is, from the area where largest
deformation have been inferred from DInSAR and GPS data (Fig. 10).
As for the M20 event alone, the macroseismic magnitude is remarkably
lower (~−1) than the RefMSEQ. We note that for cumulated intensities,
the macroseismic epicentres based on the entire intensity distribution
(methods 1 and 4) are closer to RefLSEQ (Table 7 and Fig. 9) with re-
spect to that based on the distribution of largest intensities only
(method 0). The orientation of the macroseismic box is instead in fair
agreement (~2°–17°) with RefOSEQ (Table 7).

The location and magnitude, obtained using the MCS intensities
assessed by Graziani et al. (2015) for 33 localities (Fig. 4) by con-
sidering only buildings in old town centres (OTC) or monumental
buildings (MON) (Tables 6 and S10 in the supplementary material), are
definitely closer to the reference values RefLSEQ and RefMSEQ (Table 1).
In particular, OTC and MON epicentres computed using method 0 are at
distances of ~12 and 6 km respectively from RefLSEQ and are even
closer for methods 1 and 4 (Fig. 10 and Table 7). Furthermore, the
Mwm increases up to 5.7 for OTC and to 6.0 for MON (Tables 6 and S10
in the supplementary material) so that the differences with respect to
RefMSEQ become ~0.5 and ~0.2 respectively (Table 7). Conversely, the
differences in orientation with respect to RefOSEQ (Table 7) are slightly
higher (~13° and 17°, for OTC ad MON, respectively).

6.3. Sequence of 2016–2017

The macroseismic parameters computed from the three SRs

available for the A24 event (Galli et al., 2016a, 2016b, 2017) are very
similar to each other (Tables 8 and S11 in the supplementary material)
and are quite close to the reference values (Table 9). In particular, the
orientation of the macroseismic box is very close to the RefO (within
~3°), while the macroseismic magnitude slightly overestimates the
RefM by about 0.1–0.2 units. We note that our magnitude estimate (6.4)
for the last dataset (Galli et al., 2017) is larger than that made by the
authors themselves (6.2), probably because of a different calibration of
the Boxer intensity-magnitude relations that in our analysis are those
computed by Rovida et al. (2016) for the DBMI15 (Locati et al., 2016),
while for Galli et al. (2017), they are probably the Boxer default values
based on the DBMI04 (Stucchi et al., 2007).

Macroseismic epicentres (Fig. 11 and Table 8) are displaced
6–7.5 km southward with respect to both instrumental epicentre
(5–6 km) and RefL. The southward displacement of the area of higher

Table 7
As shown in Table 5 for the 2012 sequence. Event of 20 May (M20) 2012 and
cumulated intensities (CI).

Date/Time (UTC) Mth Dst_RefL
(km)

D_RefO
(deg)

D_RefM

Ga2012 – M20
NLOC: 52

0 8.8 −2.80 −0.9
1 9.8 −0.89
4 10 −0.88

Ga2012 - CI
NLOC: 187

0 14.5 −2.27 −1.02
1 5.6 −1.03
4 6.7 −1.03

Gr2015 - CI OTC
NLOC: 33

0 12.4 12.93 −0.51
1 6.2 −0.48
4 5.9 −0.48

Gr2015 - CI MON
NLOC: 33

0 5.7 17.13 −0.25
1 4.2 −0.25
4 4.1 −0.25

Fig. 9. Macroseismic parameters for the 20 May 2012 shock and cumulated
intensities (CI) of the 2012 sequence (panel A and B, respectively) by Galli
et al., 2012a, 2012b (Ga2012a,b) as well as OTC and MON CI (panel C and D,
respectively) by Graziani et al., 2015 (Gr2015). Epicentre bootstrap uncertainty
ellipses (at 90% of confidence) are shown.
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damage (macroseismic box) with respect to the area of larger de-
formation (DinSAR and coseismic slip displacement) (Fig. 12c) could be
related to the complexity of the seismogenic fault and to the different
responses to ground shaking of the buildings at different sites.

Several authors (Lavecchia et al., 2016, Tinti et al., 2016; Huang
et al., 2017; Chiaraluce et al., 2017) identified two main coseismic slip
patches (Fig. 12d) with bilateral rupture propagation. The two patches
could also be interpreted as two distinct earthquakes occurring a few
seconds apart (Lavecchia et al., 2016; Tinti et al., 2016), of which the
southernmost one, with greater slip and closer to the macroseismic
epicentre, might have dynamically triggered the northernmost one
(Magnoni and Casarotti, 2016). Chiaraluce et al. (2017) explained the
gap of slip between the two patches as a result of the presence of the
tectonic thrusts of Olevano-Antrodoco-Sibillini (OAS) and Gran Sasso
(GS) (Fig. 12) that crosscut the normal fault plane and separates two
seismic domains (N and S) with different characteristics (that is, deeper
and a flatter fault plane on S than on N).

The macroseismic epicentre of the A24 shock is close to the centre of
the southernmost main slip patch and the macroseismic boxes are

Fig. 10. Panel A: FMs and seismogenic sources in the litera-
ture for the M20 and M29 earthquakes. Panel B: DInSAR of
M20 by Salvi et al. (2012) (Sa2012) and Pezzo et al. (2013)
(Pe2013). Macroseismic boxes for method 0 of MDPs by Galli
et al. (2012a, 2012b) (Ga2012a,b) and by Graziani et al.
(2015) (Gr2015). Instrumental epicentres and RefL and RefO
for M20, M29 and for the whole sequence (SEQ) are indicated
with stars. Acronyms of FMs are listed in data and resource
section. Details of the sources are shown in Table S5 of the
supplementary material.

Table 8
As shown in Table 4 for the event of 24 August 2016 (A24) (Galli et al., 2016a, 2016b; Galli et al., 2017) and 2016–2017 cumulated intensities (CI) (Tertulliani and
Azzaro, 2017; Galli et al., 2017) for the barycentre methods (n. 0) only. See Table S10 in the supplementary material for parameters of methods 1 and 4.

MDPs Naz Nb Lat (deg) (± f; ± b
km)

Lon (deg) (± f; ± b)
(km)

Azimuth (± f; ± b)
(deg)

Ray Kui Mwm (± f; ± b) Length (± b)
(km)

Width (± b)
(km)

A24 Ga2016a 6 630 42.667 (1.2; 1.8) 13.282 (0.3; 0.5) 161.2 (5.2;7.9) 2.93E-04 0.01 6.31(0.09;0.09) 19.2 (2.1) 10.2 (0.6)
A24 Ga2016b 3 764 42.668 (2.3; 2) 13.282 (0.5; 0.5) 160.7 (4.7;6.9) 1.12E-04 0.01 6.29(0.08;0.08) 18.6 (1.7) 10.0 (0.5)
A24 Ga2017 12 1026 42.668 (2.5;1.8) 13.282 (0.5;0.5) 160.7 (4.7;6.6) 1.11E-04 0.01 6.35(0.07;0.08) 20.3 (1.9) 10.5 (0.6)
CI TeA2017 15 708 42.717 (1.5; 3.2) 13.259 (0.6;1.1) 167 (4.9;6.0) 1.10E-05 0.01 6.78(0.08;0.14) 36.2 (5.8) 14.4 (1.4)
CI Ga2017 36 1190 42.674 (3.9;2.3) 13.278 (0.7;0.5) 159.3 (3.2;5.9) < 1E-07 0.01 6.80 (0.08;0.05) 37.5 (2.1) 14.7 (0.5)

Table 9
As shown in Table 5 for the 24 August 2016 event and cumulated intensities
(CI). NC=No computable data for lack of RefL and RefO.

Date/Time (UTC) Mth Dst_RefL (km) D_RefO (deg) D_RefM

Ga2016a NLOC:240 0 7.2 2.7 0.12
1 7.3 0.12
4 7.7 0.12

Ga2016b NLOC:307 0 7.2 2.2 0.1
1 6.2 0.09
4 7.8 0.1

Ga2017 NLOC:437 0 7.0 2.2 0.16
1 5.9 0.15
4 6.3 0.15

TeA2017 - CI NLOC:279 0 6.6 10.12 0.08
1 1.7 0.07
4 2.2 0.07

Ga2017 - CI NLOC:520 0 11.6 2.42 0.1
1 5.6 0.06
4 6.4 0.06
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shifted southward accordingly (Fig. 12). Overall, we might hypothesize
that the southward shift of the macroseismic source is related to a
higher vulnerability of the buildings at sites located south of the RefL
(e.g. Amatrice, Accumuli, etc.) with respect to the northernmost sites
(e.g. Norcia). This might be due to building reconstruction and re-
inforcement carried out in the northernmost areas stricken by relatively
recent earthquakes in 1979 and 1997 (QUEST, Working Group, 2016;
Galli et al., 2016a, 2016b; Galli et al., 2017; Chiaraluce et al., 2017),
but not in the southernmost area that was not hit by very strong
earthquakes for over three centuries.

Conversely, strong motion data show a bilateral rupture of the
source (or a double source according to Michele et al., 2016, Tinti et al.,
2016 and Convertito et al., 2017) with directivity both toward N and S,
different rupture velocities and higher energy content southward rather
than northward (Lanzano et al., 2016), which could have affected the
damage distribution. It is worth noting that OAS and GS thrusts
(Fig. 12), which could have had a role of tectonic barrier separating two

seismogenic domains with different geometries of fault planes
(Chiaraluce et al., 2017), could have played a role also in seismic wave
propagation. Furthermore, some surface geologic effects and DInSAR
results that extend northward the stricken area could be due to the
aftershock with Ml 5.4-Mw 5.6 which occurred about 1 h after (Table
S1 in the supplementary material) the A24 earthquake and located
about 12 km NW of the mainshock (Fig. 11).

After the A24 event, the seismicity reactivated both northward and
southward (shocks with M > 5.9 in October 2016 and January 2017,
respectively) so increasing the extension of the stricken area. As for the
2012 sequence, we also analysed the MCS intensities of the cumulate
effects produced by all of the sequence, made available by Tertulliani
and Azzaro (2017) and Galli et al. (2017) (Fig. 13). The literature
concerning the source modelling of the other shocks of the sequence
(Xu et al., 2017; Cheloni et al., 2017; Scognamiglio et al., 2018) is still
somehow in progress as we know that some further studies are pre-
sently going to be published. Hence, the RefLSEQ and RefOSEQ that we

Fig. 11. Macroseismic parameters for the 24 August 2016 earthquake from Galli et al., 2016a, 2016b (panel A and B, respectively) and Galli et al., 2017 (panel C) and
for the cumulated intensities of the 2016–2017 sequence from Tertulliani and Azzaro, 2017 (TeA2017, panel D) and from Galli et al., 2017 (Ga2017, panel E). See
Tables 1, 8 and S11 in the supplementary material for details of parameters. Epicentre bootstrap uncertainty ellipses (at 90% of confidence) is shown.
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can compute now have to be considered as provisional. Conversely, the
RefMSEQ (Mw 6.7, Table 1) obtained by summing the seismic moments
of largest shocks refers to quite consolidated data which can be con-
fidently compared with the macroseismic magnitude (6.8) computed
using the cumulate intensities available from both Tertulliani and
Azzaro (2017) and Galli et al. (2017). Even in this case, we observe a
slightly larger magnitude (6.8) from our computations using method 0
(Table 8) with respect to that (6.7) computed by Galli et al. (2017).

6.4. Comparison with historical earthquakes

To our knowledge, the 2012 sequence is the strongest that ever
occurred in Emilia-Romagna plain and there are no evidences that
earthquakes with Mw≥6 had ever occurred in the same area in the last

1000 years. In fact, although the maximum MCS intensity reported by
Camassi et al. (2011) for the 1639 earthquake (VII–VIII) is similar or
even larger than that (VII) reported by Galli et al. (2012a, 2012b) for
the A20 shock (but lower than that provided by Graziani et al., 2015 for
the cumulated intensities), we argue that the 1639 earthquake had been
definitely weaker because their effects were restricted to the town of
Finale Emilia only. In any case, the unique MDP available for this
earthquake does not allow modelling of its source.

Conversely, in the same areas of Central Apennines stricken by the
2009 and 2016–2017 sequences, the Italian historical catalogue CPTI15
(Rovida et al., 2016) reports several strong earthquakes, particularly
the ones which occurred on 27 November 1461 and on 14 January and
2 February 1703. Based on the MDPs available (Fig. S3 in the supple-
mentary material) for these earthquakes from Guidoboni et al. (2018)

Fig. 12. FMs and seismogenic sources (panel A). Geological effects (panel B). DInSAR from ALOS2 and Sentinel1 (both ascending) (panel C). Vertical displacement
(panel D) by Huang et al., 2017 (Hu2017, colour lines) and Tinti et al., 2016 (Ti2016, colour areas). Dotted boxes in panel A represent the double source model by
Lavecchia et al. (2016). Instrumental epicentre and RefL and RefO are plotted with large white star and black line respectively. The violet dotted lines indicate the
Olevano-Antrodoco-Sibillini (OAS) and Gran Sasso (GS) thrusts. Acronyms of FMs are listed in data and resource section. Deatils of the sources are shown in Table S6
of the supplementary material. (For interpretation of the references, the reader is referred to the web version of this article.)
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and Tertulliani et al. (2009), it is possible to compute by Boxer code the
macroseismic locations, orientations and magnitudes that can be com-
pared with those that we computed for the most recent earthquakes
(Fig. 14, Table 10).

In general, for historical strong shocks which occurred shortly in a
restricted area, it is difficult to distinguish the intensities for each shock
because documentary sources usually report the cumulate damage at
the end of the seismic sequence. Accordingly, the macroseismic para-
meters computed by Boxer also correspond to the sum of all occurred
shocks. In the case of the earthquakes of 14 January and 2 February
1703, Guidoboni et al. (2018) separated the MDPs notwithstanding the
closeness in time of the two shocks, because of the relatively long dis-
tance between their epicentral areas (about 35 km).

For the shock of 14 January 1703, both the magnitude and the or-
ientation of the presumed source are very similar to those we computed
for the cumulated intensities of the 2016–2017 sequence from both
Tertulliani and Azzaro (2017) and Galli et al. (2017), while the epi-
centre is located about 15–20 km westward. The corresponding boxes

plotted in Fig. 14 have almost the same size and are almost parallel to
each other (particularly with that one from Tertulliani and Azzaro,
2017). However, from the clear separation of boxes, we can argue that
the 14 January 1703 event probably activated a completely distinct
fault system (e.g. the Norcia-Cittareale Fault, Blumetti, 1995; Cello
et al., 1998) with respect to that of the 2016–2017 sequence. Con-
versely, the macroseismic boxes of the 1328, 1730 and 1979 earth-
quakes, suggest that their causative structures are close to that of the 14
January 1703 earthquake (Fig. S4 in the supplementary material). On
the other hand, the box of the 1639 earthquake appears coherent in
location and size with that of the A24 shock (Fig. S4 in the supple-
mentary material).

Concerning the 2009 Abruzzo earthquake, we observe an almost
perfect coincidence of the orientation of the macroseismic box with that
of 2 February 1703 earthquake, of which it appears as the natural
continuation (Fig. 14), whereas, the magnitude (and then the size of the
box) is definitely smaller than that. The epicentre of the 2009 Abruzzo
earthquake is instead very close (a few km apart) from that of the 1461

Fig. 13. Macroseismic boxes of cumulated intensities of the 2016–2017 sequence (2016–2017 CI) by Tertulliani and Azzaro, 2017 (TeA2017) and Galli et al., 2017
(Ga2017). Sources modelled by Xu et al. (2017) with coseismic slip values. OAS and GS as in Fig. 12.

G. Vannucci et al. Tectonophysics 750 (2019) 70–92

87



earthquake. Despite the magnitude and the size of the box for the latter
earthquake appear definitely larger than those of 2009, one and the two
orientations differ by about 20°, it can be reasonably argued that the
causative fault of both earthquakes is about the same (e.g. the Paganica-
S. Demetrio fault, Galli et al., 2011). The discrepancy in magnitudes can
be justified by the low accuracy of the 1461 magnitude, which is only
based on the M-I0 relationship, and by the above mentioned under-
estimation of the 2009 macroseismic magnitude with respect to the
instrumental one. On the other hand, even the orientation of the 1461
earthquake cannot be considered as particularly accurate because of the
small number of available MDPs (only 7 for Tertulliani et al., 2009 and
6 for CFTI5, Guidoboni et al., 2018, Table 10).

7. Conclusions

We applied the Boxer method (Gasperini et al., 1999, 2010) to
compute the macroseismic location, orientation and magnitude of the
2009, 2012 and 2016–2017 Italian earthquakes based on the MCS in-
tensities collected by field surveys carried out in the days and weeks
immediately following the earthquakes. The analysis concerned in-
tensities observed after the first main shock of each sequence and, for
the 2012 and 2016–2017, even the cumulated intensities of the entire
sequences. Our results give an interesting perspective to the collection
and near real-time analysis of macroseismic intensities just after a
strong earthquake because such data would allow a fast and accurate
inference of the causative sources.

The 20 May 2012 shock is the only earthquake with significant
discrepancies between macroseismic parameters and average reference
values that can be computed from instrumental data. In particular, the
macroseismic magnitude is definitely smaller than the instrumental
one, probably owing to the prevailing buildings typologies in the
stricken area that in most cases are very different from those described
by the MCS scale. Conversely, if the MCS intensities are computed
considering only the old city centres (having building typologies similar

to those of the MCS scale) or only the monumental buildings (often the
only ones reported by historical sources), the magnitude inferred from
the cumulated macroseismic intensities (summing the effects of both 20
and 29 May 2012 earthquakes) becomes very similar to the instru-
mental magnitude resulting from the sum of the seismic moments of
both shocks.

For the 24 August 2016 earthquake, which occurred in an area
where most of the buildings had construction typologies still similar to
those of the MCS scale, the quantitative fit between macroseismic and
instrumental parameters is fairly good. The analysis of the cumulated
MCS intensities available for 2016–2017 earthquakes also confirms the
coherence with preliminary modelled sources.

Even the macroseismic parameters of the 6 April 2009 event provide
a reliable characterization of the seismogenic source in comparison
with instrumental data and methods. In this case, however, it is also
possible to trace their evolution over time using six successive survey
reports (SRs) made available from some hours to a few months after the
main shock. In particular, our “a posteriori” analysis demonstrates that
even the macroseismic intensities available from some hours to some
days after the main shock (SRs #1–3) would have been able to provide
reliable location and orientation in agreement with (but even faster
than) the results of instrumental methods (e.g. FMs, aftershocks dis-
tribution, GPS and DInSAR modelling). Moreover, the macroseismic
values for location and orientation of all the SRs appear rather stable in
time. The macroseismic magnitudes are in all cases smaller than the
instrumental one but they monotonically increase from the first to the
last SR probably owing to the progressive extension of the area covered
by the surveys from the near field to the far field. Conversely, the lo-
cation and orientation appear relatively stable because they are com-
puted using only intensities in the near field.

Notwithstanding the known limitations of intensity estimation
(maybe related to subjective judgments by different investigators, poor
information on the state of preservation and reinforcement of damaged
buildings etc.) our analysis demonstrated that, in favourable cases at

Fig. 14. Comparison between macroseismic epicentres and
boxes of historical (grey) and recent (black) earthquakes.
Macroseismic data of 27 November 1461 (1461), 14 January
1703 (1703a), 2 February 1703 (1703b) earthquakes are
taken from Guidoboni et al. (2018), for 6 April 2009 (2009)
from Locati et al. (2016) and for the 2016–2017 sequence
from Tertulliani and Azzaro (2017) (TeA2016/7) and Galli
et al. (2017) (Ga2016/7).
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least, macroseismic data can help to rapidly and reliably define the
seismogenic source of strong earthquakes.
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