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Abstract Seismic hazard has been computed for the
Northern Apennines in northern Italy based on a new
seismogenic zonation. This zonation considers inclined
(dipping) planes as seismogenic sources, defined on the
basis of all the seismotectonic information available so
far. Although these geometries are extremely rough
because they simplify with a few inclined elements the
totality of faults constituting a source, this model mimics
the tectonic style better than that based on horizontal
planes. Nevertheless, for a comparison between the new
ground motions obtained and those available in the
literature, the plane version of the zonation has been
developed, where horizontal areas (the standard
seismogenic zones), representing the surficial projection
of the inclined planes, are used as seismogenic sources.

L. Martelli
Servizio Geologico, Sismico e dei Suoli, Regione
Emilia-Romagna, Bologna, Italy

M. Santulin
Istituto Nazionale di Geofisica e Vulcanologia, Sezione di Milano,
c/o OGS, Trieste, Italy

F. Sani
Dipartimento di Scienze della Terra, Universita degli Studi di
Firenze, Florence, Italy

A. Tamaro - A. Rebez - D. Slejko (P<)

Istituto Nazionale di Oceanografia e di Geofisica Sperimentale,
Trieste, Italy

e-mail: dslejko@inogs.it

9

M. Bonini - G. Corti

Istituto di Geoscienze e Georisorse, Consiglio Nazionale delle
Ricerche, Florence, Italy

Keywords Seismic hazard - Seismogenic sources -
Northern Apennines - Italy

1 Introduction

It is good practice in engineering seismology to revise the
national seismic hazard map when new science is available
or when an earthquake occurs in an unexpected area. A 5-
to 10-year time period is generally considered suitable for
collecting new data and science to contribute to an
updating of a national map. In Italy, the official national
seismic hazard map (http://zonesismiche.mi.ingv.it/;
OPCM 3519/2006; Stucchi et al. 2011) was developed in
2004, and since the publication of the Italian seismogenic
zonation ZS9 (Meletti and Valensise 2004; Meletti et al.
2008), reference documents for the national seismic hazard
map, various studies and new data have been published
about active tectonics and seismicity (e.g. Boccaletti et al.
2004, 2005, 2011; Basili et al. 2008; Sani et al. 2009;
Fantoni and Franciosi 2010; Martelli 2011; Mantovani
et al. 2011, 2013; Rogledi 2013; Vannoli et al. 2014;
Locati et al. 2016). Specific studies of significant seismic
sequences that affected central and northern Italy or of
relocation of historical earthquakes have also been
published.

Moreover, recent events in the Emilia-Romagna re-
gion highlighted unexpectedly large ground motions.
The strong motion records of the Italian Accelerometric
Network (http://www.protezionecivile.gov.it/jcms/it/ran.
wp) of the main shocks of May 20 and 29, 2012 show
that in the epicentral areas, the horizontal peak ground
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acceleration (PGA) reached 0.3 g (http://www.
protezionecivile.gov.it/jcms/it/ran.wp). In the same areas,
the expected horizontal PGA, obtained considering the
rock PGA (0.13 + 0.15 g for a 475-year return period) of
the Italian seismic code (http://zonesismiche.mi.ingv.it/;
OPCM 3519/ 2006) and the local amplification factor
according to studies of local seismic response and seismic
microzoning, is between 0.21 and 0.24 g for a return period
of 475 years (Martelli et al. 2013; Martelli and Romani
2013b). Also for this reason, some regional seismotectonic
studies are in progress for the Northern Apennines, and a
preliminary version of a new regional seismogenic zona-
tion has recently been proposed (Martelli et al. 2014).

Considering that the geometry and seismic character-
isation of the seismic sources are two of the ingredients
that most condition the seismic hazard, the new data and
studies highlighted the possibility of a better definition
of the potentially seismogenic zones of the Northern
Apennines and the central and eastern Po Plain. In the
context of an agreement between Istituto Nazionale di
Oceanografia ¢ di Geofisica Sperimentale (OGS),
Emilia-Romagna Region, National Research Council,
University of Firenze and ReLUIS, the updating of the
seismic hazard and risk maps of the Northern Apennines
at a regional scale has been undertaken.

In the present work, a probabilistic seismic hazard anal-
ysis (PSHA), based on new data and a complex
characterisation of the seismic sources, has been conducted
according to the Cormnell (1968) approach, using the formu-
lation of the Crisis 2012 software (Ordaz et al. 2012). In
accordance with the existing Italian zonation, the new
seismogenic sources were initially considered as horizontal
planes (seismogenic zones, SZs), some of which are trans-
versal with respect to the Apenninic trend, and constitute an
innovative element of the present zonation. Next, a 3D
geometry was defined for the new sources by introducing
some complex seismogenic planes, i.e. 3D surfaces with a
geometry in agreement with the dominant tectonic style in
the SZ. The new hazard estimates show interesting differ-
ences with respect to the national ones and point out the
influence in the computed ground motions on the surface of
a 3D geometry joined with a proper attenuation model.

2 3D seismic sources
A new model of seismogenic sources has been elabo-
rated, taking into account the following available

information:

@ Springer

* epicentral distribution of earthquakes from
macroseismic and instrumental data, in particular
those with M>3 [from the catalogues CPTI15
(Rovida et al. 2016), ISIDe (ISIDe Working Group
2015) and other data from the Istituto Nazionale di
Geofisica e Vulcanologia (INGV)];

*  maximum observed magnitude (from CPTI1S5;
Rovida et al. 2016);

* focal mechanisms from European-Mediterranean
Regional Centriod Moment Tensor (RCMT) cata-
logue (Pondrelli et al. 2011);

e hypocentral depth of the instrumental events
from Italian Seismic Instrumental and paramet-
ric Data-basE (ISIDe, ISIDe Working Group
2015);

* geometry, type and kinematics of potentially
active or recent (Quaternary) structures, identi-
fied on the basis of morphological and structur-
al data and integrated with the information from
the database of the Italian seismogenic sources
DISS 3.2 (Basili et al. 2008; DISS Working
Group 2015) and the available literature.

The collected information has contributed to the def-
inition of a general seismotectonic model for the whole
study region and delineation of the geographical bound-
aries of the seismogenic sources (both in 2D and 3D).
Particular attention has been paid to these
seismotectonic conditions and seismic history in order
to avoid excessive extrapolation of local characteristics
that could lead to a “mediation” of the hazard, with
underestimation of the hazard of more active structures
and overestimation of the less active. In summary, the
areas differ mainly because of the geometry and type of
observed structures, hypothesised focal mechanisms,
depth of hypocentres and number and magnitude of
the observed events.

Within each area, the seismotectonic conditions are
considered homogeneous. For each zone, a failure
mechanism was proposed that is defined by the
following:

« geometry of the failure plane (strike and dip);

» fault kinematics (normal, reverse, strike-slip, or
mixed);

» average hypocentral depth (range);

* maximum magnitude, which is mostly derived from
the maximum recorded magnitude or is estimated
from macroseismic historical data.
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2.1 Geodynamic framework

The Northern Apennines fold-and-thrust belt has been
developing since the late Eocene as a result of the colli-
sion between the Adriatic plate and the European margin
(Corsica-Sardinia block), after the complete consumption
of the intervening Ligurian-Piedmont ocean [western Te-
thys: Boccaletti et al. (1971)]. The main structure of the
Northern Apennines consists of stacked NE-verging tec-
tonic units, the oldest and uppermost of which are the
ocean-derived Ligurian Units (Jurassic-Eocene) that over-
lie the continental, passive, margin-related Tuscan Units
(Middle-Late Triassic-Miocene; Fig. 1a, b). The evolution
of the Northern Apennines has been framed into different
geodynamic models, of which the main ones are the
following: (1) slab rollback/slab pull models related to a
west-dipping Adriatic lithosphere subduction (e.g.
Malinverno and Ryan 1986; Doglioni 1991; Faccenna
et al. 2001; Lucente and Speranza 2001; Carminati et al.
2012), (2) models involving slab detachment (Wortel and
Spakman 1992; van der Meulen et al. 1999; Di Bucci and
Mazzoli 2002), (3) mantle upwelling causing a regional
bulge (D’Agostino et al. 2001) and (4) continental
lithosphere-scale thrusting (Finetti et al. 2005). Other
models propose a transition from east-dipping subduction
of Tethyan oceanic crust (Cretaceous-Eocene) to post-
Eocene west-dipping lithosphere subduction of the
Adriatic plate (Boccaletti et al. 1971; Doglioni et al.
1998; Marroni et al. 2001). In the above-mentioned
models, the Tyrrhenian sector is generally viewed as a
typical back-arc type basin. The post-collisional (i.e.
Miocene-Pliocene) evolution of the Northern Apennines
has been generally tied to an extensional regime affecting
the internal side of the orogen subsequent to the opening
of the Tyrrhenian basin (e.g. Martini and Sagri 1993).
Later on, extension followed the forelandward (eastward)
migration of the compressive thrust fronts (e.g. Elter et al.
1975). Other interpretations propose a more articulated
evolution, in which the hinterland and back-arc area were
recompressed, interrupting the extensional regime, be-
tween ca. 8.5 and 3.5 Ma (Bonini et al. 2014).
Regarding the main geophysical features, the North-
ern Apennines are characterised by a marked difference
in crustal thickness, the latter being about 20-25 km in
the hinterland and up to 35-45 km in the foreland
(Cassinis et al. 2005) (Fig. 1b). A high heat flow
[>100 mW m % Della Vedova et al. (2001)] and positive
Bouguer gravity anomaly (Marson et al. 1998) charac-
terise the hinterland sector. Seismicity shows very

different characteristics in terms of kinematics and hy-
pocentral depth: shallow seismicity (<20 km) with dom-
inant extensional focal mechanisms affects the hinter-
land and the divide area of the chain, whereas deeper
events (>20 km) with compressive mechanisms prevail
in the foreland. The compressive-deep earthquakes [>20
up to 60-90 km: Selvaggi and Amato (1992); Chiarabba
et al. (2005)] have been variously interpreted depending
on the geodynamic model. Generally, these earthquakes
are related to ongoing subduction of the Adriatic conti-
nental lithosphere beneath the Northern Apennines (Eva
and Solarino 1992; Meletti et al. 2000; Amato and Cimini
2001; Piccinini et al. 2006) (Fig. 1b). Other models relate
part of this seismicity to the deformation associated with
active thrust faults in the Adriatic lithosphere (Collettini
et al. 1997; Lavecchia et al. 2003; Finetti et al. 2005).

2.2 Seismic activity and main seismogenic belts

The map of the active and presumably active faults in the
Northern Apennines and part of Central Apennines
(Fig. 2) has been compiled by integrating the existing
literature (e.g. Galadini et al. 2001; Boccaletti et al. 2004)
with field surveys conducted in arecas where we noted
morphostrutural elements of active faulting, where histor-
ical and instrumental activity is not related to specific
structures, or where the active structures are known but
fault kinematics is not constrained satisfactorily.

Based on the pattern of active faulting as well as the
distribution of historical and instrumental seismicity, the
sector of the Apennines under discussion has been
subdivided into five main seismotectonic belts with
similar seismic activity, namely (from SW to NE; see
Fig. 1a): (1) an internal sector (mostly western and
central Tuscany), (2) the belt of north-easternmost
intramontane basins (north-eastern and north-western
Tuscany, Umbria, western Marche), (3) the axial zone
on the Adriatic side (south-western Emilia-Romagna
and western Marche), (4) the Pede-Apennine margin
and (5) the frontal thrust system buried in the Po Plain,
which continues offshore in the Adriatic Sea (Fig. 1a).

These major belts comprise smaller seismogenic
zones whose main characteristics are summarised in
Table 1 and briefly described in the Appendix. More-
over, the longitudinal continuity of major active struc-
tures, mainly normal faults in the internal zones and
thrust faults in the external sectors, is interrupted by
transverse lineaments along which active faults have
been located (Fig. 1). These transverse structures may

@ Springer



1254 J Seismol (2017) 21:1251-1275

e, T o ) H o~ Main thrust fronts
ki 12°E VENEZIA g/ (triangles on the hang ac?wall)
Mo, ( active, potentially active
nts \ b b} inactive

Main normal fauits
(barbs on the hangingwall)

b} active, potentially active
4 / fb; fhactive Y

W (a) Anticline, (b) Syncline axis
b

i «  Main transverse lineament

- Thickness of the Pliocene-
_ Quatern sequence above
\__ 7 05 sec TWT (after Structural
Model of Italy, 1992)

/ el
’7‘ "7/1, -

o 20 40 50 km
=

Quaternarn
(a) hinterl nd ?o) foreland

ADRIATIC

m hlnl'er!and oy g‘?)Plloctne-Plols!ocenem
intramontane b

- Magmatic rock
Miotene-Plaistocene 3/
- Epi-Ligurian Succession

Eocene-Miocene
:I Lligurian Units

Jurassic-Eocene

&) Umbria-Marche Unil \
ijgn) ‘Molasse’, Laga Fm Tortonian
d Pliocene’ ext mal sedlments

X Carbonate and fors
UGHCBS LB‘G TYIGSS‘C-L te Miocene

Cervarola Falterona Unit [43°N~ .~
Eoce:

SEA

ne-Middle Miocene
Tuscan Units (Carbonate and foredeep
I <<50ances) T St Trassic- -Early Miocene ELBA IS,

— Tuscan Metamorphic Units, crystalline
gusemenl o Tuscany and Elba Island

aleozoic-Oligocene’
éb'ru;rzil-Lallunc'l P{anorm
ate Triassic-Cretaceous
TYRR IA

- Southern Alpine Units. Clastic deposits,
sedimentary and magmatic rocks

TSchls(es Lustrés 'SEA

CrysmllmehBasf hlolltes
b Vagr:s?glo Gar’a%\:na g P°d°'AP'%'L7E‘-ﬁ| |Modena Ferrara-Adriatic folds
g s A =
g4 e P
,7—4—””’/ = 10+
- s =
20 “TYRRHENIAN P 201
LOWER CRUST —
TYRRHENIAN MOHO — =
20 MANTLE WEDGE 2~ 2 o 9T 30+
A T
Pliocene-Pleistocene deposits - o o
Ligurian Units s.1. P @0305 ADRIATIC_MOHO il
’
Sasie Y euanigasponate . N km
near-top melamorphlc units and basement -, \d \'K\
R ary b " e vp@ 50
upper crust and Iower crust
Moho discontinuity B

Fig. 1 Geological characteristics of the Northern and Central Apennines: a simplified geological map; b schematic crustal-lithospheric
section AB (see the trace in a) through the Apennine wedge (adapted from Bonini 2013)

be seismically important and they have been considered that developed in the hinterland sector (western and
in our new zonation. central Tuscany) since the Middle-Late Miocene (e.g.
The above-reported considerations, as well as the Boccaletti and Guazzone 1972). In the classical model,
geodynamics of the Northern Apennines, have sug- the basins are related to a contiguous extensional regime
gested important modifications to the national zonation (e.g. Elter et al. 1975; Brogi and Liotta 2008), whereas
759 (Meletti and Valensise 2004; Meletti et al. 2008) in other models, the basins developed under a compres-
and have driven the development of the new zonation sive state that switched to extension during the late stage
proposed here. of basin evolution (e.g. Bonini 1999; Sani et al. 2001).
Instrumental seismicity is generally limited and

2.2.1 Internal belt characterised by shallow (<10 km) and low-magnitude
My < 4) events (ISIDe Working Group 2015). There

The internal belt (Fig. l1a) comprises the Tyrrhenian are, however, some remarkable exceptions (Fig. 2), par-
basin and the numerous marine and continental basins ticularly the historical seismic events of 1414 (M =5.7),
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Fig. 2 Active and potentially active faults in the Northern and Central Apennines. Instrumental and historical seismicity is from ISIDe
(ISIDe Working Group 2015) and CPTI11 (Rovida et al. 2016) catalogues

1558 (M, = 6.0), 1846 (My = 6.0) and 1914 (My, = 5.6)
that hit the Radicondoli, Val di Fine and Lucca areas,
respectively (Rovida et al. 2016). In general, the seismic
events cluster in specific areas, particularly the
Larderello and Mt. Amiata geothermal fields, Lake
Bolsena, around Siena and SW of Florence, the latter
seismicity being associated with the recent seismic se-
quence of December 2014 (Scognamiglio et al. 2009).

The potentially active faults identified are pre-
dominantly normal and localised in specific regions,
namely the coastal area bordering the Apuane and
Monte Pisano massifs, where the faults mostly trend
around NW-SE (Figs. la and 2). Normal faults with
similar orientation have also been identified south of
Florence. The presence of transverse (i.e. ca. NE-
trending) fault segments is worth mentioning that
may be locally important, such as for the Livorno-
Sillaro line, SE of Florence and around Siena
(Fig. 2). Such transverse faults may be characterised
by some component of lateral motion, as inferred
from focal mechanism solutions [for instance the
moderate earthquakes of September and December
2014 south of Florence and Casentino, respectively
(Scognamiglio et al. 2009)].

The following SZs belong to this seismotectonic belt:
9, internal part of 11, 15, 16, internal part of 18, 19, 23
(see Fig. 2).

2.2.2 Belt of intramontane basins (Tyrrhenian side
of the main divide)

This zone comprises the belt of continental intramontane
basins running on the Tyrrhenian side adjacent to the
main topographic divide of the Apennine chain. This belt
is relatively narrow in the north-western sector and ex-
pands SE-wards. From NW to SE, the main basins are
Lunigiana, Garfagnana, Pistoia-Prato-Florence, Mugello,
Valdarmo, Casentino, Valtiberina, Tiber, Gubbio, Valle
Umbra, Colfiorito, Norcia, Leonessa, Rieti and L’ Aquila
(Fig. la). This sector is characterised by widespread
seismicity, with seismic events that are generally shallow
(<15-20 km depth) and characterised by dominant exten-
sional focal mechanism solutions (Chiarabba et al. 2005,
2015; Pondrelli et al. 2006; Sani et al. 2009; ISIDe
Working Group 2015). Importantly, this zone has record-
ed the strongest seismic events of the Apennines sector
considered in this study. In particular, from NW to SE, the
strongest historical seismic events (My, > 6) are the
following (Rovida et al. 2016): Garfagnana 1920
My = 6.5), Mugello 1919 My = 6.4), Valtiberina
1352 My = 6.3), Gualdo Tadino 1751 My = 6.2),
Colfiorito 1279 (My = 6.3), Valle Umbra 1832
My = 6.3), Norcia 1328 (Myw = 6.5), Norcia 1703
My = 6.9), Leonessa 1298 (My = 6.3) and L’Aquila
1703 (My = 6.7). In recent years, this sector has been
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Table 1 Main features of the seismogenic sources proposed for the Northern Apennines: orientation of major active fault planes; main or
subordinate kinematics of active faults; hypocentral depth range; maximum magnitude

NO. Dip or trend of main active faults Kinematics main (subordinate) Hyp. depth M,y
Obs. Calc.

1 NE-SW? Strike-slip ? 5.7 5.93+0.25
2 NE-SW (S/45-60) Strike-slip (thrust) 5-30 5.5 5.71+0.29
3 S-SSW/45 Thrust 5-15 6.1 5.94+0.24
4 SW/30 Thrust 5-15 6.1 6.16 £0.21
5 S-SSW/15-30 Thrust 15-35 5.5 6.00 = 0.53
6 S/45-60 Thrust 10-30 6 6.31+0.29
7 N/65 (S/30) Normal (thrust) 5-10 (>15) 5.5 5.61+0.23
8 NE/60-70(60%) SW/60-70(40%) (NE-SW)  Normal (transtens. Dx) 5-15 (10-20) 6.5(5.1) 6.50 +0.23
9 SW/65 (NE65) Normal 5-15 5.4 6.28 £0.27
10 NNE-SSW (S/45-60) Strike-slip (thrust) 5-15 (15-35) 5.5 5.73+0.30
11 NE-SW (SW/60-70) Strike-slip (normal) 5-15 5.7 6.12+0.38
12 S/30-45 Thrust 5-35 6.1 623 +£0.24
13 NE/65 (SSW 30) Normal (thrust) 3-10 (>15) 6 6.18 £0.22
14 SSW/60-70(60%) NNE/60-70(40%) Normal 5-15 6.3 6.61 £0.29
15 SW/65 (NE-SW) Normal (strike-slip) 5-15 54 5.81+0.37
16 WSW/ 60-70 Normal 5-15 5.9 6.43 +0.38
17 NNE-SSW (SSW/30) Strike-slip (thrust) 5-15 (15-25) 6 5.96 +0.26
18 NE-SW (SW/60-707) Strike-slip (normal?) 5-15 5.8 6.00 +0.29
19 SW/ 60 Normal 5-15? 5.1 532+0.20
20 SW/30 Thrust 10-35 6.4 6.61+0.29
21 SW/45-65(60%) ENE/45-65(40%) Normal 5-15 6.7 (6.43) 6.46 +0.21
22 WSW/65 Normal 5-15 5.0 5.83+040
23 WSW/65 Normal 5-15 5.7 5.97+0.26
24 SW/30 Thrust 10-35 5.5(6.84) 7.20+0.28
25 SW/50-70 Normal 5-15 7.1 7.06 +£0.21
26 SW/60-70 Normal 5-15 5.5 5.65+0.25
27 NW/60 Normal 5-15 5.5 5.65+0.25
28 S/45 Thrust 5-30 5.5 5.86+0.46
29 N/30 Thrust 5-15 6.0 6.03 +0.30
30 N/30 Thrust 5-15 6.0 5.93+0.24
31 E/35 Thrust 5-15 6.0 (5.43) 5.61+0.23

obs. maximum observed, calc. maximum calculated (Kijko and Graham 1998)

affected by destructive earthquakes that caused severe
damage in a wide area around the epicentres, particularly
the seismic sequences that hit Colfiorito (Mw = 6.0) on
September 1997 and L’ Aquila My = 6.3) on April 20009.
The main seismic events are intimately associated with
the NW-SE-trending normal fault systems (Fig. 2) that
typically border the intramontane basins (Collettini et al.
2005; Chiarabba et al. 2009; Sani et al. 2009; DISS
Working Group 2015).
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The SZs that belong to this seismotectonic belt
are as follows: 8, 14, 21, 22, part of 25 and part
of transverse SZs 11 and 18 (see Fig. 2).

2.2.3 The axial zone (Adriatic side)
The axial zone, on the Adriatic side, is still characterised

by a widespread seismicity; yet, it is deeper with respect
to the belt of intramontane basins. More specifically,
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focal depths often fall in the range of 20-60 km, partic-
ularly in the north-western region [Parma-Modena Ap-
ennines: ISIDe Working Group (2015)]. Strong histori-
cal events (Myw > 6) are fewer than in the belt of
intermontane basins and reach lower magnitude (com-
puted on macroseismic data). The biggest historical
seismic events (My, > 6) from NW to SE are the fol-
lowing (Rovida et al. 2016): Romagna Apennines 1661
My = 6.1), Cagli 1781 (Mw = 6.5), Fabriano 1741
My = 6.2), Marche Apennines 1799 (My = 6.2) and
1873 (Mw = 5.9). The occurrence in the Romagna
Apennines of strong earthquakes with My =~ 6.0 in
1584, 1768 and 1918 is worth mentioning. The focal
mechanism solutions are predominantly extensional for
shallow events and compressional for earthquakes
deeper than 20 km. In the north-western part of the axial
zone (Parma-Modena Apennines), surface deformation
is characterised by Quaternary normal faults dipping
mostly to the north-NE and superimposed onto previous
compressive structures (Bonini 2013) (Fig. 2). Similar
structures and relationships have been identified in the
Romagna Apennines (Fig. 1a, b). In the DISS 3.2 data-
base (DISS Working Group 2015), a gently
(SW-)dipping, deep thrust is proposed to be the
seismogenic source for the strong historical earthquakes
that hit the western Marche. This structure, which is
expected to surface along the Marche coastal area, is
traced further NW-wards beneath the Romagna and
Emilia Apennines. In this scenario, the normal faults
and the extensional focal mechanism solutions would
represent a shallower response to the deeper thrust ac-
tivity, in a similar fashion to that inferred for the Bolo-
gna Apennines (Picotti and Pazzaglia 2008).

The following SZs are included in this
seismotectonic belt: 1, part of transverse zone 2, 7, part
of 10, 13, 17, 20 and part of 25 (see Fig. 2).

2.2.4 Pede-Apennine margin

The Pede-Apennine margin represents the sector
connecting the exposed Apennine wedge to the Po Plain
(Fig. 1). Instrumental seismicity is important but not
densely distributed, as it clusters in sectors that have
experienced recent seismic sequences [i.e. the 2000
Faenza sequence: ISIDe Working Group (2015)].
Strong historical seismic events are rare and barely reach
a macroseismic magnitude of My, = 6. The most impor-
tant earthquakes (Rovida et al. 2016) are those of
Sassuolo 1501 (My = 6.1) and Faenza 1781 (My, = 6.1).

The available focal mechanism solutions are predomi-
nantly compressive with ~N-to-NE-trending P axes, and
with hypocentres generally deeper than 15-20 km (e.g.
Boccaletti et al. 2004). The Pede-Apennine margin cor-
responds to a roughly continuous system of SW-dipping
thrusts (Pieri and Groppi 1981; Boccaletti et al. 1985;
Castellarin et al. 1985) that are responsible for the rapid
uplift of the Apennine belt (Doglioni et al. 1999)
(Fig. 1). This thrust system can be traced for more than
300 km (Boccaletti et al. 2004, 2011) and is
characterised by active thrust segments that may surface
in specific sectors (Benedetti et al. 2003; Boccaletti et al.
2011; Bonini 2013; DISS Working Group 2015). The
Po Plain closes SE-wards, and seemingly, the Pede-
Apennine thrust system continues with the coastal thrust
folds of Marche (Vannoli et al. 2014) (Figs. 1 and 2).
The latter are characterised by significant seismic
events, the most important (My = 5.8) being the
Senigallia earthquake of 1930 (Rovida et al. 2016).

The following SZs belong to this seismotectonic belt:
part of 28, part of 2, 6, external part of 10, 12 and
external part of 17 (see Fig. 2).

2.2.5 The frontal thrust system buried in the Po Plain

An important system of SSW-SW-dipping blind thrusts
and folds, typically exhibiting a general arcuate trace in
map view, is buried beneath the Po Plain deposits,
before the Pede-Apennine margin (Pieri and Groppi
1981; Barberi and Scandone 1983). These structures
controlled the deposition of very thick successions of
Messinian-Early Pleistocene marine sediments that
filled piggyback basins now buried beneath the Middle
Pleistocene-Holocene continental deposits of the Po
Plain (Pieri and Groppi 1981; Rossi et al. 2002). This
underground belt forms the leading edge of the Northern
Apennines wedge, which is represented by the external
arc connecting Reggio Emilia and Ferrara (Fig. 1a). This
external arc can be traced to extend SE-wards offshore
of Romagna and Marche [Ferrara-Adriatic folds in Pieri
and Groppi (1981)], where it gets closer to the south-
ward continuation of the Pede-Apennine thrust system
(Figs. 1a and 2). The recent and ongoing activity of the
external Ferrara-Adriatic folds is manifested by the de-
formation of Middle-Late Pleistocene deposits
(Bocecaletti et al. 2004, 2011), as well as by the seismic
activity that remarkably follows its plan-view shape.
The seismicity is generally shallow (<10 km) and the
epicentres mostly cluster in sectors (along the Ferrara-
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Adriatic folds) that have been struck by recent seismic
sequences, particularly those of Reggio Emilia (October
1996) and Finale Emilia-Mirandola (May 2012) (ISIDe
Working Group 2015) (Fig. 2). The historical seismic
events in the Po Plain have macroseismic magnitude
lower than My, = 5.6 (Rovida et al. 2016), and thus, the
main shock of the 2012 seismic sequence [which is
estimated at My = 6.1; Pondrelli et al. (2012)] is the
largest seismic event recorded so far in this region.
Other relevant historical seismic events seemingly relat-
ed to the Ferrara-Adriatic arc occurred offshore of
Rimini in 1916 [Mw = 5.8: Rovida et al. (2016)]
(Fig. 2). The available fault-plane solutions in the
WNW-ESE-trending sector of the arc show a dominant
compressive kinematics with N-to-NE-trending sub-
horizontal P axes, such as for the aforementioned 2012
Emilia seismic sequence (Pondrelli et al. 2012). In the
NE-trending lateral thrust ramp, NE of Reggio Emilia,
the focal solutions indicate a consistent left-lateral
transpression (Ciaccio and Chiarabba 2002).

Within this sector, the following SZs have been indi-
viduated: 3, 4, 5, part of 28 and the easternmost part of 2
(see Fig. 2).

3 Seismic hazard

An earthquake catalogue suitable for the seismic hazard
assessment of the Northern Apennines has been assem-
bled using the data contained in the catalogues CPTI11
(Rovida et al. 2011), CSI (Castello et al. 2006) and
ISIDe (ISIDe Working Group 2015). All duplicated
events have been removed using a program to detect
them and giving priority to the historical data from
CPTI11. The duplicated events have been evaluated
case by case using expert judgement, and the
dependent events have been eliminated by using the
standard space and time declustering algorithm of
Gardner and Knopoff (1974) with the same parameters
as in California. The obtained catalogue contains 5617
main shocks with magnitude My, larger than, or equal
to, 3.0, in the time window 1000 to 2013. When not
available, My has been computed by the Gasperini
(2004) scaling law.

No background zones have been introduced, because
the considered seismic sources cover the whole territory
and an additional SZ collects the offshore earthquakes
(see the SZ Central Adriatic in Fig. 3).
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The seismicity in each seismic source has been
modelled according to the untruncated Gutenberg-
Richter (GR) distribution (see the GR graphs in
Fig. 4), with a threshold magnitude variable from one
source to another. More precisely, the maximum likeli-
hood method (MLM) according to the formulation pro-
posed by Weichert (1980) has been applied for the a-
and b-values of the G-R relation computation, with the
least square method (LSM) considered as well (because,
although not formally correct, it sometimes fits the high-
magnitude data better), but only as a control of the
MLM estimates. It can be seen (Fig. 4) that the MLM
fit is good for all SZs and close to the LSM fit. Only in a
few cases (SZs 5, 16, 17 and 20) do the seismicity rates
seem not to follow a linear trend.

The maximum magnitude M,,,x for each seismic
source has been calculated by the Kijko and Graham
(1998) statistical algorithm. This procedure can be applied
when a frequency-magnitude distribution for the seismic
sources is assumed, but also in the extreme case when no
information about the nature of the earthquake magnitude
distribution is available. The Kijko and Graham (1998)
approach computes M, ., for a source on a statistical basis
using the following as input data: the maximum observed
magnitude, the threshold magnitude considered complete
in the catalogue, the average error in the magnitude esti-
mates (arbitrarily fixed in our case at 0.2), the b-value of
the G-R relation and its standard deviation, the annual rate
(i.e. the number of earthquakes with magnitude greater
than, or equal to, the threshold magnitude) and the cata-
logue time span which is considered complete (variable
according to the minimum magnitude considered).

Since the seminal work of Cauzzi and Faccioli (2008),
the same authors with some co-authors have developed a
suite of ground motion prediction equations (GMPEs)
based on well-controlled global strong motion data (see
in Fig. 5 a comparison of the various relations). It can be
seen that in the GMPEs of Faccioli et al. (2010) and
Cauzzi et al. (2014), a magnitude-dependent distance
saturation term models the attenuation in the near field.
The last version of this attenuation model (Cauzzi et al.
2014, CAU hereafter) has been selected for modelling
the attenuation, because it is considered robust and it is
defined for application in different tectonic environ-
ments. Moreover, it provides a formulation for rupture
distance, which, together with the hypocentral distance,
seems suitable for a correct computation of the attenua-
tion, especially in the case of sources with variable depths
(inclined planes).
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Fig. 3 2D seismogenic model of the Northern Apennines

The computer program Crisis 2012 (Ordaz et al. 2012)
has been employed for the computation of the expected
ground motion in terms of maps and uniform hazard
response spectra for the main settlements in the study
region. As a return period (RP), we have considered the
standard reference for normal building design according
to the European (CEN 2002) and Italian (NTC 2008)
building codes, i.e. 475 years, corresponding to a 10%
exceedance probability in 50 years. In addition, we have
also considered three RPs for strategic buildings: 101,
950 and 1950 years, corresponding to three requirements
of the Italian building code (NTC 2008), respectively, for
damage, for human survival and for collapse.

3.1 Seismic hazard with 2D sources

The first application of the new seismogenic zonation
considered in the present study (Fig. 3) models sources
in the usual way, i.e. as superficial plains (SZs), in
accordance with the Italian seismic hazard map
MPS04 (Stucchi et al. 2011). After a first elaboration
with undiversified GMPEs according to the tectonic
style of the seismogenic source (Santulin et al. 2014),
the specific tectonic style of the different SZs has been
taken into account (see Table 1) and the proper CAU
GMPE has been applied. Figure 6 shows the expected
ground motion, in terms of horizontal PGA obtained for
the four considered RPs. For a 101-year RP, it can be

seen (Fig. 6a) that the largest hazard is concentrated in
the northern end of the Apennines. More precisely, a
PGA between 0.15 and 0.175 g has been estimated for
the SZ Romagna Apennines (No. 13 in Fig. 3 and
Table 1), and a PGA larger than 0.125 g refers to the
SZs Emilia Apennines and Garfagnana (Nos. 7 and 8 in
Fig. 3 and Table 1). A PGA between 0.125 and 0.150 g
can also be seen in a wide area of the Central Apennines
(SZs Umbria and Abruzzo, Nos. 21 and 25 in Fig. 3 and
Table 1). Similar features are also shown for the other
maps with an expected increase in shaking with the
increasing RP (particularly evident for the SZ
Abruzzo, No. 25 in Fig. 3 and Table 1). It is quite
interesting to pinpoint the size of the area with the
largest expected PGA, which increases to also cover
SZ Mugello (No. 14 in Fig. 3 and Table 1) when an
RP of 475 years or more is considered. An additional
area with strong expected ground motion (larger 0.30 g
for a 1950-year RP, see Fig. 6d) can be found all along
the Adriatic coastline (SZs 3 Ferrara and Adriatic Folds,
Nos. 3 and 4 in Fig. 3 and Table 1).

3.2 Seismic hazard with 3D sources
Seismic sources representing the real fault geometry as-
sociated with related seismicity constitute the target mod-

el for describing the seismogenesis of a region. Such a
model is not (or only in specific regions) applicable,
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Fig. 4 (continued)

however, because the association of earthquakes to faults
remains very problematic due to the uncertainties in
earthquake location and the poor knowledge of the deep
geometry of the faults.

To introduce in a simplified way the correct 3D
geometry of the tectonic structures put into evidence
by geological study, some inclined planes (seismogenic
planes, SPs hereafter) have been designed inside each
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SZ. Although these geometries are extremely rough
because they simplify with a few inclined elements the
totality of faults present in the SZ, this model mimics the
tectonic style better than that based on horizontal SZs.
In the first application (Santulin et al. 2014), a single
SP has been considered inside each SZ, and the sectors
characterised by transcurrent activity have been
modelled by a vertical plane of very limited width
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Fig. 5 Comparison among attenuation models: C&F Cauzzi and
Faccioli (2008), FAC Faccioli et al. (2010), CAU Cauzzi et al.
(2014). The C&F model considers the hypocentral distance, while
both FAC and CAU models consider the rupture distance: both
distances can be suitable for deep sources in the hazard computa-
tion and are equivalent to each other for My, < 5.7 (Faccioli et al.
2010)

(3 km). This model has shown severe limitations as
unrealistic depths have been reached for some SPs,
assuming for them the dominant dip in the SZ and
extending the SPs to cover the whole SZ.

Having a full geometric description available for the
different SZs, a series of SPs has been designed inside
each SZ (Fig. 7), obtaining in such a way a good
approximation of the real tectonic scenario (Table 1).
The superficial projection of the SPs generally covers
the whole width of the SZ. Although this model is a
simplification of a much more complicated reality, it
surely mimics the tectonic setting of the study region.
As some SZs are characterised by different fault styles,
SPs of different rupture type (normal, reverse, strike-
slip) have been designed. The geological characterisa-
tion of each SZ (Table 1) that identifies the different
fault types present also has driven the percentage of
activity (number of earthquakes) relevant to each SP
(when more than one are present in the same SZ): the
GR distribution of seismicity has been partitioned
accordingly.

The new seismic hazard maps (Fig. 8) have been
calculated taking into account all of the tectonic features
pinpointed by the new seismogenic zonation (Martelli
etal. 2014): each SZ is modelled by a suite of SPs, each

of which is defined by a 3D geometry and an associated
tectonic style. For each SP, the CAU GMPE relating to
the tectonic style of that SP has been associated as an
attenuation model for the ground shaking. The ground
motion has been computed again for the four previously
cited RPs: 101, 475, 950 and 1950 years.

Figure 8 shows the influence of the deep geometry of
the SPs and their tectonic styles: the high expected ground
motion for a 101-year RP (Fig. 8a) is located along the
Northern Apennines margin with the maximum values
(now 0.175 to 0.20 g) again in the SZ Romagna Apen-
nines (No. 13 in Fig. 3 and Table 1). The SZ Emilia
Apennines to the NW and the SZ Savio-Marecchia to
the SE (No. 7 and No. 17, respectively, in Fig. 3 and
Table 1) also show strong shaking (between 0.15 and
0.175 g). In addition, the areas adjacent to those with large
PGA (Garfagnana, Romagna Margin and Ferrara Folds,
Nos. 8, 12 and 3, respectively, in Fig. 3 and Table 1) and
the Central Apennines to the south (SZs Umbria and
Abruzzo, Nos. 21 and 25 in Fig. 3 and Table 1) are
characterised by a PGA between 0.15 and 0.175 g. It is
worthy to note the relatively low hazard estimated for the
SZ Marche (No. 20 in Fig. 3 and Table 1) and, in addition,
the minimum values found in the SZ Florence-Volterra,
Tusco-Latium Littoral and Trasimeno areas (Nos. 15, 19
and 22 in Fig. 3 and Table 1). The similarity of the maps
referring to different RPs is not surprising, as the applica-
tion of a constant b-value implies a proportionality in the
computed hazard. It is interesting to point out that strong
shaking (PGA larger than 0.30 g for a 1950-year RP, see
Fig. 8d) is also expected along the SZs Ferrara Folds and
Adriatic Folds (Nos. 3 and 4 in Fig. 3 and Table 1) along
the Adriatic coast.

A comparison between the results obtained consider-
ing classical SZs (Fig. 6) and those with inclined SPs
(Fig. 8) shows that the areas with the strongest expected
shaking remain the same, but the inclined SPs indicate a
stronger shaking. Moreover, the use of SPs brings a more
detailed definition of the expected ground motion and,
consequently, a suite of small areas with a high PGA.

An additional elaboration has been performed for
some specific sites, for which the uniform hazard re-
sponse spectra (UHRSs) for a 475- and a 1950-year RP
have been computed and compared with the related de-
sign spectra of the Italian building code (NTC 2008). The
selected sites (see the locations in Fig. 3) coincide with
important towns (Ancona, Bologna, Florence, Genoa,
L’Aquila and Perugia) and Mirandola, which was in-
volved in the seismic sequence of 2012. The shape of
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Fig. 6 PGA computed with the new seismogenic zonation treated
RP; d 1950-year RP

the UHRS:S is strongly conditioned by the GMPE applied
in the computation; in the case of the CAU model, the
biggest acceleration peaks strongly at 0.1 s without any
flat top. Considering both RPs (Fig. 9), L Aquila shows
the largest hazard, while Genoa displays the lowest one,
in both elaborations. When we compare the UHRSs of
our elaboration with the design spectra of the Italian
building code (NTC 2008), we see that only in the case
of Genoa, the UHRSs for both 475- and 1950-year RPs
remain inside the design spectra of the building code and
that of Florence exceeds the design spectra only margin-
ally at 0.1 s, especially for the 475-year RP. In all other
cases, the high peak at 0.1 s is larger than the acceleration
expected by the building code; in the case of Mirandola,
in particular, the UHRS peak is almost double for both

Fig. 7 3D seismogenic model for the Northern Apennines. The
seismogenic sources are modelled as inclined planes (seismogenic
planes, SPs)
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RPs (see Fig. 9a, b). Apart from the peak at 0.1 s, for all
other periods, the computed UHRSs are well below those
of the Italian building code (NTC 2008). It is worth
noting that the high acceleration at 0.1 s is a peculiarity
of the attenuation model (Cauzzi and Faccioli 2008;
Faccioli et al. 2010; Cauzzi et al. 2014) considered in
the present elaboration.

4 Comparisons with previous hazard estimates

This new seismogenic zonation sounds quite innovative,
especially for the introduction of inclined planes in
seismic hazard computation coupled with a proper
GMPE (that considers the rupture distance). But what
is the actual difference in terms of expected ground
shaking if comparisons are made to the standard maps
that consider plane sources? The preliminary answer is
given simply by the comparison between our estimates
in Figs. 6 and 8, already described, which show greater
detail produced by the inclined SPs.

To further investigate this aspect, a comparison with
the values of the Italian seismic hazard map (hereafter
MPS04; Gruppo di Lavoro 2004; Stucchi et al. 2011),
based on the most recent national seismogenic zonation
(hereafter ZS9; Meletti et al. 2008), which represents the
basis of the official estimates of the Italian building
code, has been produced for the 475-year RP. A strict
comparison on the influence of the 2D geometry of the
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zonation is possible only in terms of plane sources with
differentiated fault kinematics considering the same
earthquake catalogue and the same GMPE. The expect-
ed ground motion computed with the new seismogenic
zonation (Martelli et al. 2014) is much more articulated
(Fig. 6b) than that of MPS04 (Fig. 10a) because of the
more detailed zonation with narrower SZs, which some-
times concentrate the shaking. Conversely to MPS04
(Fig. 10a), where the largest hazard refers to the Central
Apennines (corresponding roughly to ZS Abruzzo
Apennines of the new zonation, No. 25 in Fig. 3 and
Table 1), the new map (Fig. 6b) fixes the largest hazard
in the Northern Apennines (SZs Romagna Apennines,
No. 13 in Fig. 3 and Table 1), with similar values of
PGA. These differences are clearly shown in Fig. 11,
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PGA (g)
. <0.025
[ 0.025 -
_0.050-
[ o.075-

0.100 -
[ o0125-
0.150 -

1 0.175-
[ 10200-
[ 0.250 -
I 0.300-
» [ 0.350 -
I 0.400 - 0.
I 0.450 -
I 0.500 - 0.
I 0.550 - 0.

New proposed
3D seismogenic zones

0050 [
0.075
0.100
0.125
0.150
0.175
0.200
0.250
0.300 L
0.350
0.400 |’

where the estimates obtained with both the plane and
inclined sources are considered. In the case of plane
sources (comparison between similar types of sources,
Fig. 11a), the new map shows a slightly lower PGA than
that in the MPS04 map only in SZ Taro Enza (No. 2 in
Fig. 3 and Table 1); conversely, a higher ground motion
is expected in almost all SZs where the largest values
have been found in the new map, i.e. SZs Ferrara Folds,
Emilia and Romagna Apennines, Mugello, and, for a
limited portion, Umbria and Abruzzo (Nos. 3, 7, 13, 14,
21 and 25 in Fig. 3 and Table 1). A rather similar result,
but with an emphasised impact on the SZs Ferrara Folds
and Romagna Apennines (Nos. 3 and 13 in Fig. 3 and
Table 1), is obtained when also considering inclined
sources (Fig. 11b).

Rock 1950y
4 Gonoa w—
NTCO8 wsessee
Porugia =
NTCOB eeeee

b 1950-year RP
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Fig. 10 PGA with a 475-year RP: a original MPS04 map; b original SHARE map (see the text for details)

An additional comparison has been established with
the European seismic hazard map developed in the frame-
work of the SHARE project (Giardini et al. 2013) where
an articulated logic tree was considered for several pa-
rameters, among which zonation and GMPE (see Slejko
et al. 2014). The resulting map (Fig. 10b) shows a wide
area with an expected PGA of between 0.2 and 0.3 g
covering a large part of the Emilia-Romagna region. The
differences between the two maps (compare Figs. 6b and
10b) occur in several sectors of the study region, and the
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areas with the largest PGA values differ slightly. In gen-
eral, we can say that the expected ground motion for a
475-year RP differs on average by 0.1 g. It is worth noting
that the largest hazard of the SHARE map is located in the
Central Apennines, while in the new map, the large
ground motions are expected in the Northern Apennines.

The map with the final results of the present study, i.c.
the map considering 3D inclined planes (Fig. 8b), displays
slightly higher hazard than that with 2D horizontal planes
(Fig. 6b), as already noted and explained. The map with
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Fig. 11 Comparison between the new hazard estimates and those of MPS04 (PGA new map—PGA MPS04): a plain sources; b inclined
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the 3D seismogenic model shows PGA values that are Apennines represents, in our opinion, a step forward in
relatively close to that of the original MPS04 (Fig. 10a). modelling seismogenic sources. The adopted inclined
sources, here defined as SPs, are more detailed than the
usual horizontal surfaces (SZs) but more general than

5 Conclusions the individual faults. In addition, they overcome the

dilemma regarding the applicability of a characteristic
The application to the seismic hazard estimates of the earthquake model for the Italian tectonic context, be-
new seismogenic zonation proposed for the Northern cause the GR seismicity model is more suitable for
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including several faults within each source as seems
appropriate in this case.

The main novelties of the proposed zonation include
the following:

» adivision of some very large zones of ZS9 [e.g. SZs
912,915,916, 921 of Meletti et al. (2008)], which in
our opinion included seismogenic structures with
different geometry and failure mechanisms;

+ the introduction of new SZs, including areas until
now not considered seismogenic, such as some sec-
tors of the central Po Plain and the Tyrrhenian coast;

» the introduction of transversal SZs motivated by the
presence of Quaternary structures oriented approxi-
mately NE-SW, with strike-slip component, which
deform structures oriented NW-SE.

The new hazard maps of the Northern Apennines
(Fig. 8) show the high level of hazard along the Apen-
nine chain with the strongest expected shaking located
in the SZ Romagna Apennines and in part of the SZ
Mugello (Nos. 13 and 14 in Fig. 3 and Table 1) and with
values larger than 0.30 g for a 475-year RP, and to a
lesser extent in the SZs Emilia Apennines, Mugello,
Savio-Marecchia, Umbria and Abruzzo (Nos. 7, 14,
17,21, 25 in Fig. 3 and Table 1). The computed UHRSs
for the main towns in the studied region pinpoint that
hazard is high in L’Aquila and low in Genoa and
Florence.

Appendix. Description of the seismogenic zones

1 Liguria: This zone corresponds to zone 911 of the
ZS9, but trimmed in the northern sector (which was
included in the previous zone); it maintains the
main seismotectonic features of zone 911 of ZS9
(Meletti et al. 2008), with dominant strike-slip
faulting along transverse structures and maximum
observed Mw~=5.7. The seismogenic sources in this
zone have been reproduced by assuming four
planes trending NE-SW and dipping at ~90°, with
strike-slip kinematics.

2 Taro-Enza: The zone is characterised by important
NE-SW transverse strike-slip structures that cross
the Apennines chain, connecting the Ligurian Sea
to the Po Plain (Figs. 1 and 2). However, the P axis
is roughly N-S oriented according to the local slip
vector. Hypocentral depths may be high (>30 km)
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and the historical maximum Myy is =5.5. This zone
corresponds to the western part of zones 913, 915
and 916 of ZS9. This zone has been modelled by
considering strike-slip faulting on two planes
trending NE-SW and dipping at ~90°.

Ferrara Folds: In this zone, we have included the
entire external front of the Ferrara folds with sim-
ilar tectonic features of the 912 zone of ZS904:
compressive kinematics with P axes oriented N-S
along 45° south-dipping thrust faults. Hypocentral
depths range between 5 and 15 km, and the maxi-
mum My is 6.1, registered during the May 2012
seismic sequence. This zone is part of the ZS9 912
zone, which has been subdivided, creating a new
zone (5 in Fig. 2) that is characterised by minor
density and intensity of earthquakes and scarce
evidence of active structures in the field. The
seismogenic sources in this area have been
modelled by considering four planes, dipping to
the S-SSW at ~45° with thrust-fault kinematics.
Adriatic Folds: This zone corresponds in the ZS9 to
zone 917 with dominant active thrusts (Meletti
et al. 2008). Geomorphologic evidence suggests
the presence of active growing anticlines along
the Adriatic coast (Vannoli et al. 2004). Historical
maximum magnitude is Mw=6.1. This area has
been modelled by assuming thrust faulting on two
planes dipping to the S-SSW at ~30°.
Nonantola-Budrio: The zone is located between
zone 3 and the Pede-Apennine margin. It is
characterised by low seismicity and scarce evi-
dence of active structures. It corresponds to the
southern 912 zone of ZS9. The expected earth-
quakes should have compressive kinematics along
low-angle south-dipping planes that are likely co-
incident with the flats of the thrusts of zone 3.
Depth is expected between 10 and 35 km, with P
axes roughly N-S oriented. Historical maximum
magnitude is Mw~=5.5. This zone has been
modelled by assuming a single plane dipping to
the SW at ~20° with thrust kinematics.

Emilia Margin: This zone corresponds to the cen-
tral sector of zone 913 of ZS9 and it is characterised
by numerous geologic evidence of recent and ac-
tive tectonics mainly related to the Pede-Apennine
thrust. Moderate to strong earthquakes show com-
pressive kinematics with P axes trending N-S and
associated to south, 45°—60° dipping thrust fault.
Hypocentral depths range between 10 and 30 km.
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Historical magnitude is ~6. The deformation in this
zone has been modelled by assuming a single S-
dipping plane with inclination of ~45°-60° and
thrust faulting.

Emilia Apennines: This zone shows minor-
intensity earthquakes but with two different kine-
matics: compressive with hypocentral depth of 15—
35 km, with P axes trending N-S, and shallower (5—
15 km) extensional events. The maximum histori-
cal magnitude is =5.5. Zone 7 corresponds to the
southern part of zone 913 of ZS9. The seismogenic
sources in this area have been modelled by consid-
ering normal faulting events on four planes, dip-
ping to the N at ~60°.

Garfagnana: This zone includes the Lunigiana and
Garfagnana basins (Fig. 1) and shows frequent and
strong earthquakes (M>6). It also includes part of
the Apennines divide area. Main active faults dip
either to the SW or to the NE and show extensional
kinematics. Transtensional, right-lateral transverse
structures trending NE-SW to NNE-SSW are also
present. Hypocentral depths are mainly concentrat-
ed in the range between 5 and 15 km, with a
maximum historical magnitude of <6.5 associated
with the Garfagnana 1920 event. Zone 8 coincides
with the western part of zone 915 of ZS9. This zone
has been modelled by assuming five NW-SE-
trending planes with normal fault kinematics.
Three planes dip to the SW, whereas 2 planes dip
to the NE; the dip of all these planes is ~65°.

NW Coastal Sector: This zone is cut along the
Tyrrhenian coast and shows low intensity and rare
seismic activity. Quaternary, potentially active
faults are normal and mainly dip to the SW. Hypo-
central depths range between 5 and 15 km and a
maximum historical My~=5.4 has been recorded in
the area. This zone includes the coastal sectors of
916 zone of ZS9. The seismogenic sources in this
area have been modelled by assuming normal
faulting events on four planes, dipping to the SW
at ~65°.

Reno-Setta: This zone extends from the divide to
the Apennine margin in the Bologna area (Figs. 1
and 2). It has a lower frequency and intensity of
seismic events with hypocentral depth ranging be-
tween 5 and 35 km. The active or potentially active
structures are generally transverse to the chain;
along the Apennine margin, active compressive
structures strongly dipping (45°—60°) to the south,

11

12

13

14

may also occur. Associated to the registered events
is a P axis trending N-S, with hypocentral depth of
between 15 and 35 km. Historical magnitude is
Mw~5.5. Zone 10 corresponds to the eastern sector
of zone 913 of ZS9. This zone has been modelled
by assuming strike-slip deformation on two
subvertical (dip ~90°) planes trending NNE-SWW.
Pistoia-Pisa: This transverse zone includes the Pisa
plain, the southern part of Garfagnana basin and the
western sector of the Florence basin up to the
Apennines divide. Active or potentially active
structures trend NE-SW, but they usually do not
show clear kinematics. Minor NW-SE-trending
SW-dipping normal faults are also present. Hypo-
central depths range between 5 and 15 km, and the
historical maximum magnitude is Mw~=5.7. Zone
11 coincides with central parts of 915 and 916 and
the northern sector of 921 of the ZS9 zones. This
zone has been modelled by assuming two
subvertical (dip ~90°) planes trending NE-SW with
strike-slip kinematics.

Romagna Margin: This zone includes another sec-
tor of the Apennines margin in an area
characterised by frequent and strong earthquakes
associated with active, south dipping (30-45°)
thrust faults with sub-horizontal =~N-S-trending P
axes. Hypocentral depth usually ranges between 10
and 25 km, but deeper events (up to 35 km) are also
present. The historical maximum magnitude is
Mw~6.1. Zone 12 approximately corresponds to
the northern portion of the 914 zone. Deformation
in this area has been modelled with a single plane
source dipping to the S at ~30—45° and thrust
faulting.

Romagna Apennines: This zone shows frequent and
high-intensity earthquakes with hypocentral depths of
15 and 20 km generally associated to south-dipping
thrust faults. Rare transcurrent kinematics have also
been registered. Shallower (<10 km) events have
been registered associated to NW-SE-striking, NE-
dipping normal faults. The historical maximum mag-
nitude is Myw~6. Zone 13 approximately corresponds
to the southern portion of the 914 zone. Calculations
in this zone have been performed by considering three
NE-dipping planes, with inclination of ~65° and nor-
mal fault displacement.

Mugello: This zone shows frequent and high-
intensity seismic events. It largely corresponds to
the Mugello basin area, where well-developed
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15

16

17

active and potentially active faults have been doc-
umented. Most of these structures show extension-
al kinematics. They are generally NW-SE striking,
and dip either to the SW or to the NE. At the NW
and SE ends of the Mugello basin, tranverse NE-
SW-trending structures are present, although their
kinematics are not yet well defined. Hypocentral
depths of the registered events are usually in the 5—
15 km range, and the historical maximum magni-
tude is Mw~=6.3, associated with a 1919 earth-
quake. Zone 14 corresponds to the eastern part of
915 zone of the ZS9. This zone has been modelled
by assuming normal faulting on four planes, two
dipping to SSW and two dipping to the NNE at
~65°.

Florence-Volterra: This wide zone includes the cen-
tral northern area of Tuscany up to the Florence
basin, which is characterised by NW-SE-trending
and SW-dipping active normal faults. Subordinate-
ly NE-SW-trending (transverse) transcurrent faults
are also present with dextral and sinistral kinemat-
ics. Hypocentral depths are in the range of 5 to
15 km, and the historical maximum magnitude is
M~=5.4 and has been associated with an 1895 earth-
quake whose epicentre was located 10 km south of
Florence. This zone includes the central-eastern
sector of the 916 zone and part of the northern area
of zone 921 of the ZS9. Calculations in this zone
have been performed by considering ten planes,
dipping to the SW at ~65° and normal fault
displacement.

Val di Fine: This small zone encompasses a sector
of the Tuscan coast where it is likely that the strong
earthquake of August 14, 1846, for which a mag-
nitude of My~5.91 has been inferred, was located.
The zone is included in the northern sector of zone
921 of the ZS9. The active structures responsible
for this event were the NNW-SSE- striking normal
faults delimiting the eastern side of the Fine Basin
(Figs. 1 and 2). Hypocentral depths can likely be
located between 5 and 15 km. Deformation in this
area has been modelled with four planes, dipping to
the WSW at ~65° and characterised by normal
faulting.

Savio-Marecchia: This area is located along the
external margin of the chain and reaches the main
divide. It is characterised by transverse structures
with strike-slip kinematics as well as by thrust
faults with N-S-oriented P axes, more frequently
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19

20

along the Apennine margin. Hypocentral depths
are between 5 and 15 km for the transversal struc-
tures, 15 and 25 km along the southern-dipping
thrust faults. Historical maximum magnitude is
Mw~6.0. This zone includes the south-eastern sec-
tors of 914 and 915 zones, and the north-western
parts of the 918 and 919 zones of the ZS9. This
zone has been modelled by assuming strike-slip
faulting on two planes, trending NNE-SSW and
dipping at ~90°.

Casentino-Valdarno-Siena: This is a wide trans-
verse zone running between central Tuscany (Siena
basin) up to the Apennines divide (Casentino ba-
sin). Main active and potentially active structures
trend NE-SW, likely with a dextral transtensional
component. Normal faults oriented NW-SE orient-
ed and dipping SW are also present. Hypocentral
depths have been located between 5 and 15 km,
and the maximum historical magnitude is My~5.8.
This zone corresponds to the external sectors of
915 and 916 in the ZS9, to the north-western sector
of zone 920 and to the central sector of zone 921.
This zone has been modelled by assuming strike-
slip deformation on two subvertical (dip ~90°)
planes trending NE-SW.

Tusco-Latium Littoral: This zone, not previously
included in the ZS9, encompasses a sector of the
hinterland of Tuscany close to the Tyrrhenian coast
(Figs. 1 and 2). A few potentially active normal
faults are oriented NW-SE and associated with
transversal NE-SW-trending strike-slip and normal
faults. Part of the seismicity of the area is related to
the Larderello Geothermal field (Fig. 1). Hypocen-
tral depths are between 5 and 15 km, and the
maximum historical magnitude is Mw~=5.1. Defor-
mation in this area has been modelled with four
planes, dipping to the SW at ~60° and characterised
by normal faulting.

Marche North: This zone coincides with zone 918
of the ZS9, but modified in its north-western part
and cut in half to allow for zone 24 (see below).
This zone is affected by many seismic events,
including of high intensite. Active structures are
essentially SW-dipping thrust faults. Hypocentral
depths have been located at between 10 and 35 km,
and the maximum historical magnitude is My~6.4.
Calculations in this zone have been performed by
using a single plane source dipping to the SW at 30°
and thrust faulting.
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22

23

24

25

Umbria: This zone is characterised by frequent and
high-intensity seismicity. The main active struc-
tures are W- and SW-dipping normal faults. In the
southern sector NNE-SSW-trending dextral
transtensional faults have been detected. Hypocen-
tral depths are between 5 and 15 km, and the
maximum historical magnitude is Mw~6.7. This
zone corresponds to ZS9 919, although slightly
modified in the north-western and south-eastern
limits. This zone has been modelled by assuming
normal faulting on nine planes, five of which dip to
the SW and four to the ENE; the inclination is
assumed at ~65°.

Trasimeno: This zone corresponds partially to the
northern sector of zone 920 of ZS9. Few seismic
events, of low to medium intensity, occur in this
area. Evidence of active or potentially active struc-
tures has not been found in the field. The maximum
historical magnitude is My~5.0. Deformation in
this area has been modelled with six planes, dip-
ping to the WSW at ~65° and characterised by
normal faulting.

Amiata-Bolsena: This zone includes the
Amiata Volcano and the northern part of the
Roman magmatic province, including Lake
Bolsena (Figs. 1 and 2). It corresponds to
the south-western part of zone 921 of the
7ZS9. A few Quaternary and potentially active
faults have been identified with extensional
kinematics. Hypocentral depths are between
5 and 15 km, and the maximum historical
magnitude is Mw=5.7. Calculations in this
zone have been performed by assuming nor-
mal faulting on four planes, dipping to the
WSW at ~65°.

Abruzzo: This zone is located in the external part of
the Apennines and it is characterised by medium-
frequency and -intensity seismic events.
Seismogenic structures are essentially SW-dipping
thrust faults. Hypocentral depths have been located
mainly between 10 and 35 km, and the maximum
historical magnitude is My~5.5. This zone corre-
sponds to the southern part of zone 918 of the ZS9.
Deformation in this area has been modelled with a
single plane, dipping to the SW at ~30° and
characterised by thrust faulting.

Abruzzo Apennines: This zone essentially corre-
sponds to zone 923 of the ZS9, slightly modified in
its north-western limits. The zone is affected by

26
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28

29

high-frequency and -intensity seismicity associated
with active normal faults that are mainly SW-dip-
ping. Hypocentral depths are generally in the range
of between 5 and 15 km, and the maximum histor-
ical magnitude is Mw~7.1, associated with the
Fucino earthquake of 1915. The zone also includes
the area where on April 2009 a 6.3 earthquake
struck the town of L’Aquila (Figs. 1 and 2). Defor-
mation in this area has been modelled by assuming
normal faulting on nine SW-dipping planes, with
inclination of ~65°.

Latium Apennines: This zone mainly coincides
with the southern part of zone 920 of ZS9. The
dominant kinematics of the seismicity is extension-
al, with maximum historical magnitude Mw~5.5
(Meletti et al. 2008). This zone has been modelled
by assuming normal faulting on five planes, dip-
ping to the SW and with an inclination of ~65°.
Alban Hills: This SZ corresponds to zone 922
of the ZS9 and is centred in the Alban Moun-
tains. It is characterised by seismicity associ-
ated with the activity of normal faults, orient-
ed NE-SW and dipping NW, as documented in
the DISS 3.2 (Basili et al. 2008; DISS
Working Group 2015). As such, deformation
in this area has been modelled by assuming
six planes, dipping to the NW at ~65° and
characterised by normal faulting.

Emilia Folds: This zone includes the western Emi-
lia folds and Pede-Apennine thrust front, where
strike-slip movements were also recognised. The
main seismogenic structures are thrusts dipping 45°
towards the south; the compression direction (P-
axis) is around N-S. Hypocentral depths of the
instrumental events are variable between 5 and
30 km. The maximum historical magnitude is
Mw=5.5. The northern part of this area was not
included in any ZS9 area, the southern part was the
northern sector of zone 911 of the ZS9. Calcula-
tions in this zone have been performed by using
seven plane sources dipping to the SW at 30° and
thrust faulting.

For the calculation of the seismic hazard (see
Chapter 3), in addition to the SZs described above,
it was necessary to consider other SZs, that could
influence the seismic hazard in the study area:
Western Lombard Southern Alpine Margin: This
zone corresponds to zone 906 of the ZS9, modified
to include the main western events and the thrust
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fronts of the Lombard Southalpine margin. It main-
tains the same seismotectonic features as zone 906
(Meletti et al. 2008), i.e. south-verging thrust de-
formation along active faults dipping to the north.
Calculations in this zone have been performed by
using a single source dipping to the N at 30° and
thrust faulting.

30 Eastern Lombard Southern Alpine Margin: This
zone corresponds to zone 907 of the ZS9, modified
to include the main western events and the thrust
fronts of the Lombard Southalpine margin. It main-
tains the same seismotectonic features as zone 907
(Meletti et al. 2008), i.e. S-verging thrust deforma-
tion along active faults dipping to the north. Defor-
mation in this area has been modelled by assuming
a single thrust fault, dipping to the N at ~30°.

31 Middle Adriatic: This zone includes major earth-
quakes in the central Adriatic Sea. This area was
not included in ZS9. The seismogenic structures
are thrusts dipping to the E-NE at 45°, with hypo-
center depths between 5 and 15 km. The maximum
expected magnitude is My~6. This zone has been
modelled by assuming thrust faulting on seven
planes, dipping to the E and with an inclination of
~30°.
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