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1. INTRODUCTION

The Italian seismic history is studded with small-to-large magnitude earthquakes
occurred through the centuries. Information about strong seismic events of the past
have been derived from historical sources the study of which brought to light the
occurrence of earthquakes during a chronological interval spanning about the past
two millennia and that, in many cases, have been responsible for widespread
destruction of towns and villages and of thousands of casualties.

Many efforts have been therefore produced in the past decades in order to understand
the seismotectonic characteristics of the Italian territory and to identify tectonic
structures 1) responsible for these historical destructive seismic events and 2)
potentially responsible for future earthquakes. Geological studies aiming at the
identification of these faults began during the 1970s, when some “pioneering”
studies (Bosi, 1975) identified “probable active faults” along several slopes of the
Apennines.

A strong improvement to the knowledge about the active tectonics in Italy has been
obtained during the 1980s with the “Progetto Finalizzato Geodinamica”, sponsored
by the National Research Council, which resulted in the Neotectonic Map of Italy
(CNR-PFG, 1987). The map collected all the most updated information gathered by
a large number of researchers involved in the project on tectonic structures that, by
means of geological and geomorphological observations, were identified and
classified on the basis of their geometry, kinematics and chronology of activity.

At the end of the 1990s, a huge amount of work has been made by researchers
involved in the CNR-GNDT (National Group for the Defence against Earthquakes)
to gather information (by the available literature an by means of “brand new” studies
of GNDT and PALEOSIS projects) on the surficial evidence of primary active faults
in peninsular Italy, aiming at the production of an inventory of the traces at the
surface of the active faults (Galadini et al., 2001).

After many decades of studies, however, there are still some critical elements in
terms of the definition of the seismotectonic characteristics of Italy, summarised
below, that still need accurate analyses and efforts to be “enlightened” and more
deeply understood in order to be properly managed in a seismic hazard assessment
perspective:

e the presence of tectonic structures, active during the Late Pleistocene-Holocene

and considered as potentially responsible for destructive earthquakes, to which
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no historical seismic events can be attributed. These faults, commonly defined as
“silent seismogenic source”, represent probable seismic gaps;

e the presence of faults the current activity of which is presently debated;

e the occurrence of strong earthquakes in historical times the causative faults of

which have not been conclusively defined to date.

On this basis, the present study aims at providing new information, gathered by
means of new geological, geomorphological and structural investigations, useful for
improving the knowledge about the seismotectonic features of some sectors of the
central Apennines (described below at points 1, 2 and 3) and of the north-eastern part
of the Calabrian region (point 4)

In detail, we will analyse:

1) the fault system affecting the SW slopes of Mt. Morrone, a mountain ridge that
delimits the eastern border of the Sulmona depression, in the Abruzzi Apennines.
This fault system shows evidence of Late Pleistocene-Holocene activity (e.g.
Vittori et al. 1995; Miccadei et al. 1998; Galadini and Galli 2000) and is
considered as potentially responsible for M=6.5-7 earthquake. According to the
available literature (e.g. Galadini and Galli; 2001; Ceccaroni et al., 2009), the last
episode of activation of this fault system probably occurred about 1,800 years
ago (i.e. during the 2™ century A.D.). Therefore, the time that has elapsed since
the last activation is in the order of the mean recurrence interval for central
Apennine faults, i.e. 1500-2500 years. For this reason, the Mt. Morrone fault is
considered as one of the most problematic Italian tectonic cases in seismic hazard
perspective;

2) the sector of the central Apennines comprised between the Maiella Massif, Mt.
Morrone and Mt. Porrara. This area has been the epicentre of the 1706
earthquake (Maw=6.6; Working Group CPTI 2004), one of the strongest
historical seismic event of the central Italy, the source of which is still under
debate. Within this light, studies have made in the past to define the geometry
and kinematics of the probable active faults in this sector. Two opposite
hypotheses assume: i) the present activity of the normal fault located along the
western Maiella Massif slopes, i.e. the Caramanico fault of Ghisetti and Vezzani

(2002), and 1i) the out-of sequence thrusting at the frontal zone of the Maiella
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3)

4)

anticline, proposed by Sauro and Zampieri (2004) and Lavecchia and de Nardis
(2009). These two hypotheses indicate that the location and geometry of the
active faults in this area represents the main seismotectonic open problem of this
sector;

the epicentral area of the April 6, 2009 earthquake (Mw 6.3) that severely struck
the city of L’Aquila and surrounding sectors, aiming at i) analysing the
Quaternary activity of the Paganica fault, presently considered as the causative
fault of the seismic event (e.g. Emergeo Working Group, 2009), and ii)
describing the evidence of coseismic surface rupturing along this tectonic
structure. This fault was already analysed by different researchers in the past
(Bagnaia et al., 1992; Boncio et al., 2004) but its Late Quaternary activity was
never investigated in detail. Moreover, other strong earthquakes have affected the
L’Aquila region in historical times (i.e., 1461, Mw 6.4; 1762, Mw 5.9; 1916, Mw
5.2; 1958, Mw 5.2; Working Group CPTI, 2004; see also Rossi et al., 2005) but
the source of these events has never been conclusively defined;

the NE portion of the Calabrian Arc, in the area of Rossano Calabro, where the
main known tectonic feature of the area is the Rossano Fault, a normal fault
bounding to N and NE the Sila Massif. This fault shows evidence of activity
through the whole Quaternary (Corbi et al. 2009; Galli et al., 2006). For this
reason, some authors propose the Rossano fault as the possible causative tectonic
structure of the earthquake that struck this region in 1836 (Maw 6.2; Working
Group CPTI, 2004). Nevertheless, thorough geological data supporting this
hypothesis have not been provided to date and, therefore, the causative fault of

this seismic event is still a matter of debate.

Following sections providing basic information on the recent evolution of the central

Apennines and of the Calabrian Arc, and on the seismotectonic framework of the

areas under investigation, the collected data will be exposed and discussed. The

information gathered provides the basis for the defining, or reappraising, of the

kinematics, slip rates and maximum expected magnitude of the analysed — newly

found, in some cases — fault systems. These represent the fundamental ingredients

for the estimation of the seismogenic behaviour and seismic potential of the

investigated areas.



2. GEOLOGICAL SETTING AND SEISMOTECTONIC FRAMEWORK OF
THE CENTRAL APENNINES AND OF THE CALABRIAN ARC

2.1 The central Apennines

The genesis of the Apennine chain is the result of the complex geodynamic process

that has characterised — and that is still characterising — the central Mediterranean

area, related to the interaction between the African and European plates and the

Adria and Sardinia-Corsica microplates.

The chain consists of thrust and fold systems, that migrated towards E and NE in

response to the westward subduction of the Adriatic lithosphere and its progressive

eastward flexural retreat (e.g. Parotto and Praturlon 1975; Mostardini and Merlini

1988; Bally et al. 1989; Patacca et al. 1990; Cipollari et al. 1999; Meletti et al. 2000;

Patacca and Scandone 2001; Patacca et al. 2008).

In the central Apennines, the compressive deformation determined the juxtaposition

of terrains pertaining to different Meso-Cenozoic paleo-geographic domains:

e carbonate platform, known as “Piattaforma Laziale-Abruzzese” which, although
strongly dissected by tectonic deformations, maintains a structural continuity
(Parotto and Praturlon, 1975) through the chain;

e carbonate basins, located at the margins of the platform, as the “Bacino Umbro-
Marchigiano-Sabino” and the “Bacino Molisano”. The sequences are
outcropping in the northern and southern sectors of the central Apennines
(Parotto and Praturlon, 1975);

e transitional zones, located between the platform and the basins (Parotto and

Praturlon, 1975).

During the formation of the central Apennines, these paleo-geographic units have
been displaced by the compressive fronts that, since Oligocene, progressively
migrated from the Tyrrhenian sectors towards the Adriatic, as witnessed by the
formation of different silici-clastic wedges, related to foredeep domains, and of
piggy-back basins progressively younger towards E-NE (Patacca et al.,, 1990;
Cipollari and Cosentino, 1997; Cosentino et al., 2003).

During Pliocene, while the compressive fronts were located in the Adriatic sectors,
the western part of the chain was affected by an extensional tectonics linked to the

opening of the Tyrrhenian basin. This led to a drastic change of the tectonic setting
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inherited by the compressive deformation, with the formation of normal fault
systems. This new process led to a crustal thinning — and the reduction of the
lithosphere width — that favoured the arising of magmas during the Pleistocene and
the formation of the volcanic districts located along the Tyrrhenian margin of the
chain (Cosentino and Parotto, 1986; Cavinato et al., 1994).

The extensional deformation has partitioned along newly formed, NW-SE trending,
normal faults and along the extensional structures that re-used fault planes inherited
from the compressive phase (Cavinato et al. 1994; Bosi et al., 1994).
Contemporaneously to the extension, the central Apennines experienced uplift (up to
1,500 m) (e.g. Galadini et al., 2003a; Ascione et al., 2008), with an increase of the
uplift rate probably occurred since the end of the Early Pleistocene and the beginning
of the Middle Pleistocene (D’Agostino et al., 2001). A strict relationship between the
extensional tectonic phase and the uplift of the chain has been proposed by different
authors (Doglioni, 1995; D’ Agostino et al. 2001; Galadini et al. 2003).

The activity of these NW-SE trending normal fault systems determined the
formation of wide intermontane tectonic depressions, such as the Fucino, Norcia,
Rieti, L’Aquila, Sulmona and Leonessa basins, and of minor depressions located in
the mountainous areas (e.g. the Campo Imperatore, Campo Felice and Castelluccio
plains, and the Salto and Turano valleys). These depressions, bounded by normal
fault systems along the eastern sides, hosted sequences of continental deposits of
Plio-Quaternary age, hundreds of metres-thick. The onset of the continental
deposition occurred during Pliocene, thus indicating the emersion of the central
Apennine chain since this period (e.g. Bosi et al., 2003, Galadini et al., 2003a).

Many works have analysed the continental sedimentary sequences contained within
the intermontane depressions and some attempts of correlation between the
stratigraphic units among the different basins, based on the detection of comparable
morpho-litho-stratigraphic features, have been produced (e.g. Bosi and Messina,
1992; Cavinato et al., 1994; Bosi et al. 2003; Centamore et al. 2003; Fubelli, 2004).

An example of this is shown in Figures 2.1.1 and 2.1.2.
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Fig. 2.1.1 — Stratigraphic scheme (and morphological features related to the main erosional
landscapes and top depositional surfaces) of the Latium-Abruzzi Apennines (from Bosi et
al., 2003).
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Fig. 2.1.2 — Morpho-stratigraphic schemes of some basins in the Latium-
Abruzzi Apennines (from Bosi et al., 2003).



By means of the analysis of the continental stratigraphic sequences, information
about the evolution of the extensional deformation in the central Apennines has been
obtained. Indeed, according to the available literature (e.g. Lavecchia et al.,1994;
Martini and Sagri, 1994; Bartole, 1995; Calamita et al., 1999; Galadini and Messina,
2004), comparably to the compressive front, the extensional deformation underwent
a progressive migration towards E and NE. This process, related to the flexural
retreat of the westward subducting Adriatic lithosphere (Patacca et al.,1990;Ghisetti
and Vezzani, 1999; Cavinato and De Celles, 1999), determined the formation of
extensional tectonic structures that are progressively younger heading eastwards.
Galadini and Messina (2004) and Fubelli et al. (2009) issued that the migration of
the extensional deformation resulted in the onset, during the Early Pleistocene, of the
activity of the normal fault systems located in the easternmost sectors of the central
Apennines (e.g. the Campo Imperatore, Mt. Morrone, Mt. Vettore fault systems). On
the contrary, since the Early or the Middle Pleistocene, the activity of the extensional
tectonic structures responsible for the formation of the westernmost depressions (e.g.
the Salto valley, Turano valley, Liri basin and Leonessa basin fault systems) ceased
(or strongly reduced), as they are sealed by deposits and landforms related to this
period. As for the fault located in the intermediate sectors of the chain, instead, the
mentioned authors defined a persistence of the activity since the Late Pliocene,
through the whole Quaternary.

Many of these central Apennine normal and normal oblique faults show evidence of
Late Pleistocene-Holocene activity (Fig. 2.1.3) and are therefore considered as active
(Barchi et al., 2000; Galadini and Galli, 2000; Galadini et al., 2001; Valensise and
Pantosti, 2001).

The active tectonic structures are made of segments, usually dipping towards W and
SW, the length of which ranges between 5 and 20 km. Shorter segments are
organised in fault systems made of 3-to-5 minor faults showing en-echelon
relationship (often dextral step over). The length of the fault systems do not exceed

33 km (i.e. the cases of the Fucino basin and the Gran Sasso Range).
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Fig. 2.1.3 — Seismotectonic framework of the central Apennines (modified after Galadini
and Galli, 2000). MVF - Mt. Vettore fault; NF — Norcia fault system; LMF - Laga Mts.
fault; UAVF - Upper Aterno Valley fault system; ACIF — Assergi-Campo Imperatore fault
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Subequana Valley fault system; MMF - Mt. Morrone fault; FF - Fucino fault; ACF -
Aremogna-Cinquemiglia fault; USVS - Upper Sangro Valley fault system.

These active faults and fault systems are considered as the surficial expression of
seismogenic sources potentially responsible for earthquakes characterised by
moderate-to-large magnitudes (generally 5.8<M<7.0) (e.g. Galadini and Galli, 2000;
Valensise and Pantosti, 2001). The fault-seismogenic sources dip is generally
ranging between 40° and 60°, based on structural surficial and sub-surficial data (e.g.
Barchi et al., 2000 and references therein).

The available literature generally agrees in considering the active faults of the central
Apennines as arranged into NW-SE trending sets, paralleling the axis of the chain.
The number of the sets is still debated. Indeed, Boncio et al. (2004) indicate that
three active fault sets can be detected. On the contrary, no more than two sets are
identified in other regional inventories of central Apennine active faults (e.g.

Galadini and Galli, 2000; Valensise and Pantosti, 2001). The open question derives
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from different interpretation of the recent fault activity in the western Apennine
domain.

Many studies, both geological and paleoseismological (e.g. Galadini and Galli, 2000;
Galli et al., 2008 and references therein) permitted the definition of those features, as
the slip rate, the mean recurrence interval, the time elapsed since the last activation,
that are fundamental for the parameterisation of the activity of these tectonic
structures (Fig. 2.1.4).

As for the slip rate, the data indicate that the mean slip rate for the central Apennines
fault is comprised between 0.4 and 1.2 mm/yr (with a preference for intermediate
values, i.e. 0.6-0.8 mm/yr). The mean recurrence interval per fault is in the order of

1500-2500 years.

Fault Length of the Vertical Min. vertical Max. vertical Chronological Recurrence Elapsed time since
fault system  slip rate ship rane ship rane mterval nterval for singe the last eanhiquake
(k) (mm'yr) {mm'yr) {mm/yr) (reported surface faultng of M = 6.5-7.0
age-Present) events (years)  (vears)
Upper Sangro Valley 20 0.17=0.21 0.8-1 Ma =1.000
Fucino 33 0.7-0.8" 0.4-0,5% L0.8-1 Ma
0.37-0.43% 219100 4 650 BP  1.400-2.600 84 (an 1999)
0.4 Ma
Ovindoli-Pezza 12-20 0.8-1.2 7000 BP
1.2-2.32 27000-10000 BP  2,760-3,200 T00-1130
{lower value pref.)
Campo Felice—Colle 16 1.1t 0.8-1.3% 118000 BP 650 (at 1999) if it
Cerasitto 20,25 Ma was responsible for
the 1349 eanthquake
Upper Aterno Valley 25 0.47-0.86 0.25-0.43 31710 £ 760 BP 206 (at 1999)
23330 £ 300 BP
Norcia 27 0.2 0.1 Ma 296 (an 1999)
Aremogna-Cinqueniglhia 16 0.3-0.5 1120006500 BP  1.000-4.000 2800-970
18007 based on
Mr. Momone 20 0,5-0.66 0.9-1.0 Ma archaeo-seismological
dana
Middle Aterno Valley 21 0.33-0.43 1.5 Ma =1,000
Mi. Cappucciata- 0 0.67=1 18000=13000 BP  2,500=7,000 1,000
Mur 5. Vite, Canpo
Imperatore
Assergi 21 +1,0007
Laga 15 0.7-0.9! 0.3-0.367 L20000-30000 BP 1,000
6395-6175 BC
M. Vettore 18 0.25-0.3 12000 BP =1.650

Fig. 2.1.4 — Summary of available data on the geometric characteristics and kinematic
parameters related to the active faults of central Apennines (from Galadini and Galli, 2000).

On this basis, the active faults to which no historical earthquake can be attributed —
taking into consideration that the available historical seismic catalogues are
complete at least in the past 800 years for high-magnitude earthquakes (Stucchi et al.
2004) — are commonly defined “silent seismogenic source” and the probability of
activation of these silent faults in a future time span of social interest is considered
as high.

Episodes of activation of some of the described active normal tectonic structures
determined the occurrence of destructive seismic events in historical times (Working
group CPTI; 2004; 2008), the main of which are: the 1461 (Maw=6.4), 1703

(January, 14) (Maw=6.81), 1703 (February 2) (Maw=6.65), 1706 (Maw=06.6),
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1762 (Maw 5.9), 1915, (Maw=6.99), 1933 (Maw=5.7) and 1950 (Maw=5.7)
earthquakes as well as the shocks of the 1349 and 1456 seismic sequences (Maw=6.6
and 7.0, respectively).

A comparison between the central Apennines active faults array and the damage
distribution, plus paleoseismologically-inferred data, has allowed the attribution of
the 1703 (January 14), 1703 (February 2) and 1915 earthquakes to activation events
of the Norcia, Upper Aterno and Fucino fault systems, respectively (Galadini and
Galli, 1999; Moro et al., 2002; Galli et al., 2005).

As for the origin of the 1461 seismic event (Fig. 2.1.5), Galadini and Galli (2000)
hypothesised a possible activation of one segment of the Assergi-Campo Imperatore
fault system (namely the Assergi fault) during this earthquake, although the authors
issued that sufficient data are lacking to concretely relate this earthquake to this

tectonic structure.
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On the other hand, Boncio et al. (2004) hypothesised an activation of a seismogenic
fault named as “Aquilano s.I.” (the geometry of this fault, as described by these
authors, is depicted in the next sections), during the 1461 and the 1762 seismic
events.

As far as the causative fault of the 1706 and 1933 earthquake is concerned, Meletti et
al. (1988) proposed the so-called “Ortona-Roccamonfina line” (see Fig. 2.1.3) as the
possible source for the former seismic event. This structural feature is a NNE-SSW
to N-S trending major regional shear zone that separates the Abruzzi Apennine fronts

from the Molise domain thrust sheets (Patacca et al., 1991). By considering recent
10



studies on the active thrusting at the frontal zone of the Maiella anticline (Sauro and
Zampieri, 2004; Lavecchia and de Nardis, 2009), and on the activity of the
Caramanico fault, an about 40 km long normal fault that bounds the Maiella massif
to the west (Ghisetti and Vezzani, 2002), the activation of one of these tectonic
structures during the 1706 earthquake cannot be excluded.

However, there is no clear and commonly accepted geological evidence that directly
supports these hypotheses. Moreover, a discussion on the activity of the Caramanico
fault is reported in the present work.

Although the seismic energy associated with the 1706 and 1933 earthquakes was
different, the damage distribution of the two seismic events was comparable, in

terms of damaged localities (Figs. 2.1.6 and 2.1.7, respectively).

Tememoto del 3111706 lo 9710 - Maw 660 Terremoto del 26.9.1933 lo 8/9 - Maw 5.68
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Fig. 2.1.6 — Damage distribution related to Fig. 2.1.7 — Damage distribution related to
the 1706 earthquake the 1933 earthquake
(http://emidius.mi.ingv.it/DBMIO08/) (http://emidius.mi.ingv.it/DBMI08/)

For this reason, Galadini and Galli (2007) hypothesised that the same seismogenic
process might have been responsible for both of these seismic events, and they
related these to either (i) the activation of a single, but still undefined, seismogenic
fault segment during both of these events or (ii) the activation of two different
segments (with similar trends) of the same, again undefined, fault system. The
magnitude of an earthquake expected from activation of the Mt. Morrone fault
system (one of the objects of the present study) would be in the order of 6.5 to 7.0,

and would be comparable, therefore, to that of the 1706 seismic event (Galadini
11



and Galli 2000). However, the geometry of the Mt. Morrone fault does not appear to
be consistent with the damage distribution of the 1706 earthquake, since the highest
intensities are mainly located in the footwall and centred in a sector located ESE of
the fault (Galadini and Galli 2007).

A new hypothesis about the origin of the 1706 is proposed in this thesis.

Lastly, archacoseismological data have indicated an episode of widespread
destruction in the Sulmona area during the 2" century AD, which was related to the
occurrence of a large-magnitude earthquake of local origin (Galadini and Galli
2001). This seismic event may be related to the activation (probably the last episode

of activation) of the Mt. Morrone normal fault system (Ceccaroni et al., 2009).

2.2 The Calabrian arc

The Calabrian arc is an accretionary wedge lying above a narrow and steeply dipping
slab subducting towards NW, beneath the back-arc Tyrrhenian basin.

Tomographic images show a northwestward dipping slab beneath the Calabrian
subduction zone, which is interrupted by a 150 km-wide window beneath the
southern Apennines (Selvaggi and Chiarabba, 1995; Lucente et al., 1999; Piromallo
and Morelli, 2003; Wortel and Spakman, 2000; Montuori et al., 2007). This window
opened after tearing occurring within a composite subduction system, formed by the
Apulian continental lithosphere and the Ionian oceanic slab (Chiarabba et al., 2008;
Rosenbaum et al., 2008).

The related Wadati-Benioff zone is “enlightened” by the hypocenters of hundreds of
deep earthquakes recorded in the last decades (Faccenna et al., 2001; Vannucci et al.,
2004; Chiarabba et al., 2008).

The “backbone” of the Arc is mainly represented by metamorphic and igneous rocks
pertaining to the European geological domain the present position of which is due to
the SE-drifting of this block of European continental crust that occurred since the
Miocene (e.g. Gueguen et al., 1998; Rosenbaum and Lister, 2004; 2008; Cifelli et
al., 2007). Since the Early Miocene, overthrusting of the Palacozoic basement
nappes on the Meso-Cenozoic basinal sequences occurred through compressive
structures progressively younger eastwards. This led to the formation of the Calabria

orogenic belt (e.g. Parotto and Praturlon, 2004) (Fig. 2.2.1).
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Fig. 2.2.1 — Geological map of the Calabria-Peloritani Arc (modified from Bigi et
al., 1990; Cifelli et al., 2004; Minelli et al. 2009)

An extensive and detailed analysis of the tectonic evolution of the Calabrian Arc has
been recently performed by Minelli (2009) who investigated the present structural
setting of the Arc and of the accretionary prism, by means of geological
interpretation of industrial seismic reflection profiles, corroborated by stratigraphic
data.

In detail, the author distinguished four major structural domains with different
evolution stages and styles: the Crotone-Spartivento foreland basin, the inner
accretionary prism, the outer accretionary prism, and the foreland basin. Moreover,
Minelli (2009) proposed a model of space-time evolution of Calabrian accretionary
prism in the last 15 Ma. This model defines the growth of the prism, comprising the
forward propagation stages, with frontal accretion, and out-of-sequence internal
thrusting (of Pliocene age, at least).

During the eastward migration of the compressive domain — progressively affecting
the Ionian sectors — extensional tectonics occurred in the inner portions of the
Calabrian arc since the Miocene-Pliocene (e.g. Ghisetti, 1979; 1980; Tortorici et al.,

1995; Monaco et al., 1996; Mattei et al., 2002; Cifelli et al. 2007). The extensional
13



tectonics determined the formation of normal-to-transtensive fault systems, mainly
parallel to the axis of the Arc, which displaced the structural edifice inherited by the
compressive deformation (Monaco et al., 1996). The activity of these extensional
structures determined the formation of N-S and NE-SW elongated tectonic
depressions, e.g. the Crati and Mesima valleys and the Sant’Eufemia, Gioia Tauro
(the area investigated in the present study) and Messina Strait basins, that hosted
marine and continental sedimentary sequences (e.g. Ghisetti, 1981).

Most of these N-S and NE-SW faults often interrupt against other faults trending
almost perpendicularly to the Calabrian Arc, i.e. E-W and WNW-ESE, as the
Rossano, Catanzaro Strait and Nicotera-Coccorino fault systems (e.g. Moretti, 2000;
Galadini et al., 2001; Galli and Bosi, 2003; Galli et al., 2006; Tortorici et al. 2003;
Guarnieri, 2006; Rosenbaum et al., 2008). These structural features have probably
had a complex kinematic and structural history, as they may have played — and still
play — the role of 1) tear faults, accommodating differential motions of the Calabrian
accretionary prism, and/or 2) transfer faults, kinematically linking different, en-
echelon arranged N-S and NE-SW normal fault systems.

In particular, two regional structural features, trending perpendicular to the axis of
the Calabrian belt and known as “San Gineto Line” and “Taormina Line” (Fig. 2.2.2)
permitted the juxtaposition of the metamorphic terrains of the Calabrian Units,
pertaining to the European domain (e.g. Amodio Morelli et al., 1976) with the
carbonate sequences of the southern Apennines and of the Maghrebian Chain,

respectively (e.g. Van Dijk et al., 2000; Tansi et al., 2007).
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Fig. 2.2.2 — Geological map of the central Mediterranean area (from Tansi et al., 2007)

Of course, the structural setting and evolution at the junction between the Calabrian
Arc and the southern Apennines, to the north, and the Maghrebides, to the south-
west, is still a matter of debate. Indeed, as for the northern boundary (which is partly
investigated by the present study), the southern Apennines and the Calabrian arc
fold-and-thrust belts are presently not linked (Minelli, 2009).

Comparably to the Apennine chain, the Calabrian Arc experienced rapid uplift
during the Quaternary, contemporaneous to the extensional deformation. Different
mechanisms have been invoked as having caused the uplift. Some authors argued
that it is due to an isostatic rebound related to either slab break-off (Westaway, 1993;
Wortel and Spakman, 2000) or decoupling of the upper crust from the underlying
slab and convective flow in the mantle wedge. According to other authors, instead,
uplift may have been determined by stalling in the roll-back process and trapping of
the Calabrian Arc between the continental crusts of the Adria microplate and Africa

plate (Goes et al., 2004). Other views proposed the uplift to be the result of
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lithosphere bulging due to subduction slackening (Moretti and Guerra, 1997).

The occurrence of uplift in Calabria is testified by the presence of flights of marine
terraces, dated back to more than 1 Ma, detected by several researchers (e.g.
Cosentino and Gliozzi, 1988; Dumas et al., 1988; Miyauchi et al., 1994; Bordoni and
Valensise, 1998; Carobene, 2003; Tortorici et al., 2003; Cucci, 2004; Cucci and
Tertulliani, 2006) along both the western and the eastern coasts of the arc and
occurring at elevations of more than 1,000 m above the present sea level. An uplift
rate of 0.6-1.3 mm/yr (respectively, from north Calabria to south Calabria; e.g.
Dumas and Raffy, 2004; Molin et al., 2004) has been defined.

In particular, in the north-eastern portion of Calabria (i.e. the area under
investigation) flights of Middle-Late Pleistocene marine terraces — five to seven
orders — have been recognised by different authors (Cucci and Cinti, 1998; Molin et
al, 2002; Carobene, 2003; Corbi et al., 2009). On the basis of the analysis of the
terraces, Carobene (2003) defined an uplift rate of 0.46-0.69 mm/yr for this part of
the Calabrian region. On the other hand, Corbi et al. (2009) proposed an uplift rate
for this area that increased during time, i.e. from a rate of 0.57-0.52 mm/yr,
evaluated basing on the elevation of the “First Order” of terrace (the earliest one,
related to the MIS 9 or 11), to a rate of 0.79-0.88 mm/yr, related to the “Fifth Order”
of terrace (the latest order, related to the MIS 5a).

Many studies have been performed in the past decades to collect data on the active
tectonics of the Calabrian Arc (e.g. Ghisetti, 1980; Valensise and Pantosti, 1992;
Tortorici et al., 1995; Galli and Bosi, 2002; Galli et al., 2006; 2008; Catalano et al.,
2008; Ferranti et al., 2008), aimed at defining the seismotectonic characteristics of
this part of the Italian Peninsula.

This portion of the Italian territory has been hit, in fact, by some of the strongest
seismic events of the Italian seismic history (Working Group CPTI 2004; 2008): i.e.
the 1638 and 1783 seismic sequences — the main shocks of which had Mw 7 and 6.9,
respectively — and the 1744 (Maw=6.2; see Galli and Scionti, 2006), 1832
(Maw=6.5), 1836 (Maw=6.2), 1905 (Maw=6.7) and 1908 (Maw=7.1) earthquakes.
More in general, at least 19 earthquakes with M>6 occurred since the 91 B.C. in this

region (Fig. 2.2.3).
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Geological and paleoseismological information — the latter being summarised in
Galli et al. (2008) — corroborated by the comparison between the active faults pattern
and the damage distribution related to these earthquakes, permitted the attribution of
some of these seismic events to episodes of activation of known active tectonic

structures. This is the case of: the southernmost shock of the 1783 seismic
17



sequence (Maw=6.7), attributed by Monaco and Tortorici (2000) and Galli and Bosi
(2002) to the activation of the Cittanova fault, located east of the Gioia Tauro plain.
One of the main shocks of the 1638 seismic sequence, i.e. the northernmost one
(Maw 6.7), has been related by Galli and Bosi (2004) to the Lakes fault, along the
Sila Massif.

Conversely, the sources of the 1905 and 1908 seismic events are still debated. As for
the former, some hypotheses have been made. Monaco and Tortorici (2000)
suggested a possible activation of a tectonic structure located W and NW of the Capo
Vaticano High during the 1905 earthquake, while Galli and Bosi (2002) tentatively
attributed this seismic event to the activation of the tectonic structure bounding to S
the Capo Vaticano High, i.e. the Coccorino-Nicotera fault system. As for the source
of the 1908 earthquake, some authors proposed an activation of the NE trending,
west-facing Armo, S. Eufemia and Reggio Calabria fault system, including the
offshore prolongation of the Reggio Calabria fault (Catalano et al., 2008 and
references therein). On the other hand, other authors (e.g. Valensise and Pantosti,
1992; Amoruso et al., 2002) proposed an activation of a low angle, N-S trending and
east-dipping fault merging at the surface on the Sicilian coastline.

As for the 1832 seismic event, Galli et al., (2006a) hypothesised the activation of a
still unknown tectonic structure located between the Sila Massif and Capo Colonna.
Hypotheses about the causative fault of the 1836 earthquake (Fig. 2.2.4), that struck
the NE sector of the Calabria territory, have been made by Moretti (2000) and Galli
et al. (2006b). The former author proposed the activation of the “Corigliano-Rossano
Line” — affecting the area investigated in this work — during this seismic event,
although no evidence supporting this hypothesis has been provided by the author.
The same hypothesis has been proposed by Galli et al., (2006b) who suggested the

Rossano fault as the causative fault of the 1836 seismic event (Fig. 2.2.3).
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Fig. 2.2.4 — Damage distribution related to the 1836
earthquake (http://emidius.mi.ingv.it/DBMIO0S/).

3. METHODS

In order to achieve data useful for the goals of this thesis, we adopted a multi-
methodological approach that is here exposed.

We performed an extensive aerial photograph analysis of the areas under
investigation, by utilising the 1954 IGM (Istituto Geografico Militare) and 1985
“Regione Abruzzo” aerial photographs series, provided by the “Geomorphology
Lab” at Dipartimento di Scienze Geologiche, Universita degli Studi Roma Tre
(Roma) and by Istituto Nazionale di Geofisica and Vulcanologia (Roma). This
permitted us:

1) to map in detail the surficial geometry of the tectonic structures detected.

2) to identify and map geomorphological features, such as alluvial fans, terraces and
landsurfaces which provided fundamental elements for the aim of this work.

3) to identify and map Quaternary depositional sequences outcropping in the

analysed sectors.

An extensive and detailed geological survey has been carried out by utilising
topographic maps with 1:25.000 scale, aimed at identifying and mapping the

Quaternary deposits, both continental and marine, and to correlate them with the
19



geomorphic features detected by means of aerial photograph analysis. These
investigations permitted us to define the relationship between the Quaternary
sedimentary sequences and the tectonic features detected, thus allowing to achieve
fundamental data to define their Quaternary activity, in particular the Late
Quaternary activity. This provided fundamental information to describe the recent

kinematic behaviour of the investigated fault systems.

Information about the kinematics of the investigated faults has been gathered by
means of structural observations performed along the fault planes and in the fault
zones, aimed at collecting kinematic indicators and structural features related to the
kinematic history of the tectonic structures. Schmidt net diagrams have been utilised

to plot the collected data.

Information about the chronology of the Quaternary deposits has been obtained by
means of:

1) Radiocarbon age determinations of charcoals and bulks of organic-rich sediments,
performed by Centre of Isotopic Research on Cultural and Environmental Heritage
(CIRCE)-INNOVA, Dept. of Environmental Sciences, Caserta (Italy).

2) U-series disequilibrium methods of carbonate sediments, i.e. calcareous mud,
calcareous tufa and tephra layers, perfomed by Dr. Mario Voltaggio of Istituto di
Geologia Ambientale e Geoingegneria (IGAG), Consiglio Nazionale delle Ricerche
(Roma).

3) Tephro-stratigraphic analyses, performer by Dr. Biagio Giaccio of Istituto di
Geologia Ambientale e Geoingegneria (IGAG), Consiglio Nazionale delle Ricerche
(Roma), which permitted the attribution of volcanic layers found within the
continental sedimentary sequences to eruptions of some Quaternary Italian
volcanoes.

4) analysis of the archaeological founding (pottery fragments, flint artefacts)

detected within the sediments.
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4. CASE STUDIES IN THE CENTRAL APENNINES

4.1 The Mt. Morrone fault system

The NW-SE trending fault system that affects the SW slopes of Mt. Morrone
comprises two main, parallel segments. The western fault branch and the related
carbonate bedrock fault scarp can be detected at the base of the slopes, between
Popoli and Pacentro. The eastern fault branch and the related fault scarp is located

along the intermediate-upper sector of the slopes (Fig. 4.1.1).

Fig. 4.1.1 — Reference map of the area under study, with the locations of the two segments of the
Mt. Morrone fault system (black lines) as defined in the present study, and the sites cited in the
text (numbers 1 to 6) where the slip rate has been evaluated. The wide and flat surface of the
“Terrazza Alta di Sulmona” (TAS) unit is indicated by the dotted black lines.
The Quaternary activity of this normal fault system has been documented in a
number of previous studies (e.g. Vittori et al., 1995; Miccadei et al., 1998; Galadini
and Galli, 2000). Seismic lines (Miccadei et al., 2002) plus gravimetric analyses (Di
Filippo and Miccadei, 1997) provided an “image” of the deep geometry of the basin.
These data show that the present geometry of the Sulmona basin and of the
continental sequences infilling the depression has been “shaped” by the long-term
(Quaternary) activity of the normal fault system. Indeed, the Quaternary continental
deposits of the basin (Fig. 4.1.2 a) are clearly tilted towards the normal fault system,

showing evident growth strata (Fig. 4.1.2 b) the formation of which is clearly related

to the activity of the Mt. Morrone normal fault system.
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As for the Late Pleistocene-Holocene activity of the tectonic structure, it has been

indicated by the displacement of slope-derived deposits related to this chronological

interval (Galadini and Galli, 2000). The estimates of the slip rate proposed in

previous studies are rather scattered, ranging from 0.1 to 1.4 mm/yr (Vittori et al.,
1995; Galadini and Galli, 2000; Miccadei et al., 2002; Miccadei et al., 2004; Gori et
al., 2007). This wide range is due to the different methods used (and related to the

different reliabilities of these estimates) to determine this slip rate. A comparison

between the slip rates proposed in previous studies and those obtained in the present

study is provided below, together with a full description of the procedures adopted in

the various studies.
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4.1.1 Field data

Stratigraphy and chronology of the Middle Pleistocene/Holocene deposits

The continental stratigraphic sequence of the Sulmona basin includes several units of
fluvio-lacustrine, alluvial and slope-derived sediments that span from between the
Early Pleistocene to the Holocene (e.g. Demangeot, 1965; Cavinato and Miccadei,
1995; Miccadei et al., 1998).

Recent morphological and litho-pedostratigraphic investigations, supported by new
radiocarbon, U-series and tephrochronological age determinations, have allowed an
update of the Quaternary stratigraphic and chronological framework of the Sulmona
basin sequence, as discussed in detail by Giaccio et al. (2009), with the designation
of six informal units of lacustrine deposits. A comprehensive, simplified, schematic

stratigraphic and chronological framework is shown in Figure 4.1.3.
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Fig. 4.1.3 — a) Geological map of the north-eastern sector of the Sulmona basin (numbers
refer to the main measured sections reported in Giaccio et al., 2009); b) Scheme of the
stratigraphic and geomorphological relationships between the six sedimentary units

(SUL6-SUL1) recognised by Giaccio et al. (2009).

These lacustrine units, separated by erosional surfaces and/or pedogenic levels, have

been detected and annotated from the earliest (“Sulmona 6”) to the most recent

(“Sulmona 17). According to Giaccio et al. (2009), the six units can be

chronologically attributed to the following time spans: Sulmona 6: >800 ka BP;
Sulmona 5: 600 to 400 ka BP; Sulmona 4: 120 to 80 ka BP; Sulmona 3: 80 to 60 ka
BP; Sulmona 2: 8 to 2.6 ka BP; Sulmona 1: 2.6 to 1.2 ka BP (Fig. 4.1.3).
The lowermost limit, i.e. >800 ka BP, that was attributed to the oldest analysed

lacustrine unit derives from the presence of calcalkaline tephra layers related to the
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activity of the peri-Tyrrhenian volcanoes which preceded the onset of the activity of

the ultra-potassic Roman Comagmatic Province, started at the beginning of the
Middle Pleistocene (e.g. Peccerillo, 2005).

Besides this lacustrine sequence, at least seven units of alluvial deposits, some of

which may be morphologically related to the lacustrine ones have been distinguished

(Fig. 4.1.4). These are represented by different orders of telescopic and/or superposed

alluvial fans, which are mainly fed by the fluvial network that cuts across the Mt.

Morrone SW slopes.
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Fig. 4.1.4 — a) Scheme
of the possible morpho-
stratigraphic correlation
between the “Sulmona”
lacustrine units of
Giaccio et al. (2009)
and the “Morrone”
alluvial units described
in the present study; b)
Schematic
reconstruction of the
five orders of alluvial
fan deposits detected
near Popoli village,
overlying a hillshade
Digital Terrain Model
(DTM). Numbers
indicate the “Morrone”
units described in the
text.
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A basic description of the alluvial units (labelled from the oldest, “Morrone 77, to the
most recent, “Morrone 17) is provided below together with the possible relationship

between some of these units and the lacustrine units of Giaccio et al. (2009).

- Morrone 7 (<600 — >400 ka BP) — This is the oldest alluvial unit of the basin that
contain volcanic levels (older, “pre-volcanic” alluvial deposits of the basin have been
detected and described in other studies, e.g. Miccadei et al., 1998; Gori et al., 2007).
This unit corresponds to the “Conoide Superiore di San Venanzio” unit of Miccadei
et al. (1998), who attributed these deposits to the Middle Pleistocene. The gravels of

this unit are interfingered with the lacustrine sediments of the Sulmona 5 unit.

- Morrone 6 (120 — 80 ka BP) — This unit comprises the deposits described by
Radmilli (1984) and Tozzi (2003) that contain a sequence of Paleolithic layers that
have been attributed to the Musterian technocomplexes. In peninsular Italy, these
Paleolithic layers have been related to a chronological interval from between ca. 120
to 40 ka BP. (e.g. Tozzi, 2003, and references therein). The possible correlation
between the Morrone 6 and Sulmona 4 units is supported by the detection of a
particular marker, i.e. a tephra layer that is seen for both the alluvial and the lake

sediments.

- Morrone 5 (<60 — 36 ka BP) — The alluvial fan that represents this unit is the
equivalent of the “Terrazza Alta di Sulmona” (TAS) unit of Miccadei et al. (1998).
The wide, northward inclined top depositional surface of the TAS unit is detectable
over almost all of the basin and dominates the Sulmona plain landscape (from about
420 m a.s.l. in the southern part of the basin, to about 340 m a.s.l. in the northern
basin sector) (Fig. 4.1.1). The correlation between the Morrone 5 and TAS units is
supported by the presence of the same reworked tephra layers that have been
detected at comparable depths (about 1-2 m) below the top depositional surfaces of
each of the units (Fig. 4.1.5). In more detail, this volcanic level is made of sub-mm-
sized to mm-sized, grey-black, poorly vesicular scoria with abundant leucite and

clinopiroxene, and up to cm-sized phlogopite crystals (see Miccadei et al., 1998).
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Fig. 4.1.5 — Reworked tephra layer detected within both a) Morrone 5 unit (described in the
text) and b) the TAS unit of Miccadei et al. (1998).

These particular compositional features characterise a cluster of two or more crystal-
rich tephra layers that have been recognised in a wide area of the central Apennines,
and on the basis of chemical, isotopic and chronological data, they have been
attributed to the most recent volcanic activity of the Albano Maar (Colli Albani
volcanic district, near Rome) (Narcisi, 1994; Giaccio et al., 2007, and references
therein) that was recently dated to between 40 and 36 ka BP (Freda et al., 2006). A
radiocarbon dating of a terrestrial gasteropod shell embedded in the reworked tephra
of the TAS unit yielded an age of 36610 £209 cal years BP (estimated calibration,
according to Fairbanks et al., 2005), which supports the chronological constraint
defined for these deposits.

Moreover, from a morphological point of view, the correlation between the Morrone
5 and TAS units is supported by the alluvial fan of Morrone 5 that is related to a base
level that corresponds to the top surface of the TAS unit.

Lastly, the deposits of the Morrone 5 unit unconformably overlie the lacustrine

sediments of the Sulmona 4 unit (120-80 ka BP).

- Morrone 4 (L.G.M., ie. 25-15 ka BP) — The deposits of this unit are
morphologically comprised between those of the older Morrone 5 and the younger
Morrone 3 (see below). The chronological attribution of this unit is supported by the
fact that other alluvial fans, formed during the Last Glacial Maximum (LGM), have
been detected in many areas of the central Apennines (i.e. Fucino plain-Valle

Majelama, Giraudi, 1992; Campo Imperatore plain, Giraudi and Frezzotti, 1997;
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Corvaro plain, Chiarini et al., 1997; Castelluccio di Norcia plain, Galadini and Galli,
2003). Locally, this unit is represented by slope-derived deposits that are widespread
all over the Apennines (Castiglioni et al., 1979; Dramis, 1983; Coltorti and Dramis,
1988), and which result from periglacial erosional/ depositional slope processes that

were active during the LGM.

- Morrone 3 (<15 (>8) — 3 ka BP) — This is represented by an alluvial fan, the top
depositional surface of which defines a well preserved terrace that seems to be at the
same elevation a.s.l. of the shoreline of the paleo-lake that corresponds to the

Sulmona 2 unit.

- Morrone 2 (<3 —>1 ka BP) — This unit is represented by alluvial fan gravels, the
top depositional surface of which morphologically correlates with the top surface of

the Sulmona 1 unit.

- Morrone 1 (>1 ka — present day) — This unit is represented by small alluvial fans

related to the present base level of the basin.

The whole sequence of units Morrone 5 to Morrone 1 has been clearly identified
where the Malepasso valley (see Fig. 4.1.2 b) opens on the plain. Here, these units
are represented by five orders of telescopic alluvial fans (see Fig. 4.1.4 b) — partly
already detected by Miccadei et al. (1998) and attributed by the authors to the Late
Pleistocene — the eldest of which (Morrone 5 unit) is related to the top depositional
surface of the TAS unit while the younger units (Morrone 4 to 1 unit) are embedded
in it. In other sectors along the base of slopes — i.e. W and N of Bagnaturo — these
units are represented further superposed and/or embedded alluvial fans some of
which relate to the top depositional surface of the TAS unit while younger fans
overlay it. The different geomorphic setting between the alluvial fans at the
Malepasso and Bagnaturo areas is due to fact that, in the former area, the regressive
fluvial erosion incised the TAS unit, progressively lowering the base level and thus
permitting the formation of subsequent telescopic fans. In the Bagnaturo sector,
instead, the top surface of the TAS unit has not yet been significantly incised by
fluvial erosion. Owing to this, at this site the alluvial fans that are younger than the

TAS unit deposited on its top depositional surface.
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Although this different geomorphic framework prevented a “one by one” correlation

between the Malepasso and the Bagnaturo alluvial fan units, the analysis of

stratigraphic sections exposed by quarries near Bagnaturo permitted us to obtain

further chronological elements that corroborate the age of the deposition of the

Morrone 5 to Morrone 1 units. Indeed, 1) radiocarbon dating of a paleosoil contained

within the alluvial fan that is morphologically related to the TAS unit provided an

age of 41830+2130 years BP (Fig. 4.1.6 a), and 2) a tephra layer occurring within an

alluvial fan that deposited over the top surface of the TAS unit can be related to the
“Neapolitan yellow tuff” (Fig. 4.1.6 b), dated at 14200 years BP on the basis of '*C

chronological constraints (Asioli et al., 2001; Siani et al., 2001).

T
e T T

i

Fig. 4.1.6 —a)
Alluvial fan
sequence exposed
by a quarry near
Bagnaturo, at the
base of the Mt.
Morrone SW
slopes; b) Tephra
layer, associated to
the “Neapolitan
yellow tuff”,
occurring within
alluvial fan
deposits near
Bagnaturo
overlaying the TAS
unit.

These data corroborate the attribution of the units Morrone 5 to Morrone 1 to a time

span younger than 60 ka.
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Evidence of Late Quaternary tectonics

- Pacentro site (Fig. 4.1.1, site 1)

In the southern sector of the SW slopes of Mt. Morrone, the fault plane of the
western segment can be detected almost at the base of the slopes, close to the village
of Pacentro. Kinematic indicators detected along the fault plane (Fig. 4.1.7) as
slickenlines, with a pitch angle from 72° to 82°, lunate fractures (Petit, 1987), and
the synthetic shear planes in the fault zone all indicate mainly normal kinematics of

the fault segment, with a minor sinistral oblique component.

Fig. 4.1.7 — Schmidt net
diagram on which the
synthetic shear planes
detected in the fault zone
(black bows) and the pitch
of the slickenlines (black
dots) are plotted

Here, the alluvial fan deposits of the Morrone 7 unit are exposed about 1.5 km away
from the southernmost tip of the fault branch.

The fan has been fed by the Mileto valley, a deep V-shaped fluvial incision that is
perpendicular to the slope (Fig. 4.1.8).

Fig. 4.1.8 — Alluvial fan deposits of the Morrone 7 unit outcropping
within the Mileto Valley, upslope of the village of Pacentro.
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The deposits are displaced along the fault branch. In the footwall of the fault, the
deposits lie on the bedrock. They can be detected within the Mileto Valley incision,
at an elevation ranging between 1,100 m a.s.l. (i.e. the apex of the fan, where the

layers show a steep angle of 25°) and 825 m a.s.l. (Fig. 4.1.9).

Fig. 4.1.9 — Alluvial fan deposits of the Morrone 7 unit detected within the Mileto
Valley incision, in the western fault segment footwall. The white dashed line highlights
the layer attitudes that in the distal part of the deposits become sub-horizontal.

At this elevation, the layers have a sub-horizontal attitude (about a 12° dipping) and
are clearly truncated towards the plain due to the fault activity, such that they are at

present suspended over the basin bottom (Fig. 4.1.10).

Fig. 4.1.10 — The Morrone 7 unit deposits lying on the carbonate substratum
(the white dashed line marks the contact between the deposits and the
bedrock) in the fault segment footwall. The layers are clearly suspended over
the present basin bottom and truncated by the fault movements.
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In the hanging wall sector, instead, the base of the fan can be detected between 667
m and 675 m a.s.l. (part of Pacentro village has been built on it) (Fig. 4.1.11),
overlying a huge paleo-landslide accumulation known as “Pacentro paleolandslide”
(Miccadei et al. 1998; 2004). The sub-horizontal attitude of the layers (about 10° SW
dipping) suggests that the deposition in this area occurred close to the local base

level.

Fig. 4.1.11 — Alluvial fan deposits of the Morrone 7 unit close to Pacentro, outcropping in
the hanging wall sector of the western fault segment. The white dashed lines highlight the
sub-horizontal attitude of the layers.
The fault segment places the alluvial fan sediments in contact with the carbonate
substratum.

The vertical offset affecting the base of the Morrone 7 unit across the western fault

segment (Fig. 4.1.12 )can therefore be estimated at about 160 m (Fig. 4.1.13).
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Fig. 4.1.12 — Schematic geological profile showing the offset of the Morrone 7
units due to the western fault segment activity.
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Fig. 4.1.13 — Vertical
displacement of the
Morrone 7 unit deposits
due to the fault segment
movements. The offset
can be quantified in
about 160 m.

Western =&
fault segment ®: = ol

- Popoli-Malepasso Valley site (Fig. 4.1.1, site 2)

The complete sequence of the units Morrone 1 to 5 has been detected at this site
(Fig. 4.1.4 b), where the Malepasso Valley opens on the plain (see Fig. 4.1.2 a).
Here, the westernmost fault branch is detectable at the base of the slope. The
kinematic indicators collected along the fault plane in this area (Fig. 4.1.14) as
slickenlines, with a pitch angle ranging from 76° to 83°, and the synthetic shear
planes in the fault zone confirm mainly normal kinematics with a minor sinistral

oblique component.

Fig. 4.1.14 — Schmidt net diagram
on which the synthetic shear planes
detected in the fault zone (black
great circles) and the pitch of the
slickenlines (black dots) are
plotted.
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The fault has displaced the alluvial fan deposits of the Morrone 5 and 4 units (Fig.
4.1.15, inset).

Fig. 4.1.15 — Digital Terrain Model showing the sedimentary units detected at site 2 in Fig. 4.1.1; the
Morrone 4 and 5 units are clearly displaced along the western fault segment (inset).

The sediments of these units are detectable both in the hanging wall and in the
footwall. The top depositional surface of the unit Morrone 5 is displaced along the
fault by about 20 m (Fig. 4.1.16). Moreover, the layers of the alluvial fan are clearly
truncated by several secondary fault planes.

In the proximal part, the Morrone 4 unit is represented by a flat alluvial terrace along
the left flank of the Malepasso valley incision. The fault activity has displaced this
terrace by about 7 m (Fig. 4.1.16).

[
v

Fig. 4.1.16 — (Site 2 in Fig. 4.1.1) Vertical displacement affecting the top depositional surface
(indicated by the triangles) of the Morrone 4 and 5 units, quantified in about 7 and 20 m,
respectively; on the Schmidt net diagram (inset) the synthetic shear planes detected in the fault

zone (black great circles) and the pitch of the slickenlines (black dots) are plotted. 34



- Popoli-Sant’ Anna Valley site (Fig. 4.1.1, site 3)

At this site, the western fault segment affects the base of the slope. The kinematic
indicators detected along the main and the secondary fault planes (Fig. 4.1.17), i.e.
slickenlines, with a pitch angle ranging from 75° to 80°, and the synthetic shear

planes in the fault zone confirm a mainly normal kinematics.

N
.a-\-““"’_._.u;._.u‘"“:'-«q_k_.

Fig. 4.1.17 — Schmidt net
diagram on which the synthetic
shear planes detected in the
fault zone (black great circles)
and the pitch of the
slickenlines (black dots) are
plotted.

The Sant’Anna Valley is a deep fluvial incision that is almost perpendicular to the
main slope and that opens onto the plain near the village of Popoli (Fig. 4.1.2 a).
This incision cuts the deposits of the Morrone 7 and 6 units, which are only
detectable in the footwall of the main fault. Nevertheless, the sediments of the
Morrone 7 unit are displaced by about 13 m along a secondary fault plane (linked to
the main one). The offset was evaluated by correlating the erosional surface that

separates the deposits and the carbonate bedrock across the fault (Fig. 4.1.18).

Fig. 4.1.18 —
Left flank of
: , ¥ 4 | the Sant’Anna
Alluyial fan deposits T el & e Valley

= .?f the Mo.rrone 7 unit, : . . incision, along

TR 2 AR which the

i vertical offset

- that affects the
Alluvial fan deposits deposits of the
of the Morrone 7 unit Morrone 7
unit, due to the
western fault
segment
activity, is
shown (Fig.
4.1.1, site 3).

‘_,Caif_ n_ate,‘_lb;drock

Several synthetic, secondary fault planes truncate the layers of the Morrone 6 and 7

units (Fig. 4.1.19 a, b), that locally display a counter-slope tilting (Fig. 4.1.20).
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Fig. 4.1.19 — Synthetic fault planes (indicated by the white triangles) that displace the
deposits of the Morrone 6 (a) and 7 (b) units.

Fig. 4.1.20 — Deposits
of the Morrone 6 unit
displaying a counter-
slope attitude
(marked by the white
dashed line).

Moreover, the almost flat depositional surface at the top of the alluvial fan is affected
by a fault scarp, indicating a 12-13 m vertical offset along these secondary splays
(Fig. 4.1.21).

Morrone 6 unit top
depositional surface

Motrone 6 unit top

depositional surface ]

r

k- Secondary normal fault

Fig. 4.1.21 — Vertical displacement of about 10-11 m that affects the top surface (delimited by
the white dashed lines) of the Morrone 6 unit deposits. 36




Moreover, the Morrone 6 unit deposits and some sediments younger than the
Morrone 6 unit (as they are embedded in it) are displaced along a fault (already
reported by Miccadei et al., 1998) parallel to the Sant’Anna Valley, WSW-ENE
trending and almost perpendicular to the main Mt. Morrone normal fault segments

(Fig. 4.1.22 a, b).

Fig. 4.1.22 — a) Deposits of the
Morrone 6 units (the layers are
marked by the yellow dashed line)
displaced along the WSW-ENE
trending fault (the plane is indicated
by the red arrows); b) secondary fault
planes (indicated y the red arrows),
related to the main WSW-ENE
trending fault, along which sediments
younger than the Morrone 6 unit
deposits are displaced and dragged
(inset).

The kinematic indicators collected along the fault plane indicate a prevailing dextral
strike-slip motion of the tectonic structure, with a minor normal component. The
structural setting suggests that it represents a transfer fault — probably a breached
relay ramp (e.g. Peacock and Sanderson, 1994; Childs et al., 1995; Peacock, 2002;
Walsh et al., 2003) — that connects the main Mt. Morrone fault branches, and that
was at least active after the deposition of the Morrone 6 unit. The lack of
synchronous deposits that can be correlated across the fault prevented the possibility
of estimating the offset. Moreover, according to Gori et al. (2006; 2008), a certain
amount of gravitational displacement along this transfer fault can be hypothesised,
since this tectonic structure represents the lateral boundary of a large-scale mass

movement that affects the slopes.

- Le Svolte di Popoli “archaeological” site (Fig. 4.1.1, site 4)
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Here, the Morrone 6 unit is displaced by about 5 m along the main western fault
branch (Fig. 4.1.23). This offset can be estimated on the basis of the displacement
affecting a reworked volcanoclastic level, present both in the footwall and in the

hanging wall.

the northern tip of the western fault segment (indicated by the white triangles).

The outcrop investigated is located very close (a few tens of metres) to the northern
tip of the fault, where the segment ends against a structural feature known as the
“Avezzano-Bussi fault system” (see Fig. 2.1.3), which is perpendicular to the Mt.
Morrone fault system (i.e. ENE-WSW trending) (Galadini and Messina, 2001;
Cavinato et al., 2002) (Fig. 4.1.24).

Fig. 4.1.24 — Fault plane (indicated by the red arrows) related to the “Avezzano-
Bussi fault system” of Galadini and Messina (2001).

This fault was active in this sector between the Pliocene and the Early Pleistocene,
and its exhumed plane is exposed here. This framework has implications in terms of

estimating the slip rate, as discussed in the next section.
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- I Vellaneto and Bagnaturo-Colle delle Vacche sites (Fig. 4.1.1, sites 5 and 6,
respectively)

Both the western and the eastern fault segments place the carbonate substratum rocks
in contact with LGM slope-derived deposits, which are ascribed to the Morrone 4
unit. Along the western fault segment, contact between the carbonate bedrock and
these deposits has been seen at the Il Vellaneto site (Fig. 4.1.25), along the middle
part of the slopes, northeast of Marane (see Fig. 4.1.2 a).

Fig. 4.1.25 — Last Glacial
Maximum deposits (the
layers are marked by the
white dashed line) placed in
contact with the carbonate
substratum by the
westernmost fault segment
(site 5 in Fig. 4.1.1).

For the eastern fault branch, instead, tectonic contact has been detected at the Colle
delle Vacche site, (Fig. 4.1.26) along the higher part of the slopes, east of the village
of Bagnaturo (see Fig. 4.1.2 a).

Fig. 4.1.26 — Last Glacial Maximum deposits placed in contact with the carbonate substratum

by the eastern fault segment (site 6 in Fig. 4.1.1). The layers of the deposits (highlighted by the
white dashed lines) are clearly truncated by the fault branches activity. A close up image of the
fault zone is shown in inset, where the fault plane is marked by red arrows and the layers of the
deposits are highlighted by the yellow dashed line. 39



In some places, the layers of the LGM deposits show evidence of dragging due to the
fault movement.

The kinematic indicators collected along the plane of the eastern branch (Fig.
4.1.27), i.e. slickenlines, with a pitch angle ranging from 78° to 85°, lunate fractures
(Petit 1987) (Fig. 4.1.28) and the synthetic shear planes in the fault zone, suggest
that this segment is also characterised by mainly normal kinematics, with a minor

oblique left-lateral component.

Fig. 4.1.27 — Schmidt net diagram on ,} «.,..:,, o ¢

which the synthetic shear planes hf&‘ .

detected in the fault zone (black great )

circles) and the pitch of the Fig. 4.1.28 — Lunate fracture detected

slickenlines (black dots) are plotted. along the plane of the eastern fault
segment.

The lack of synchronous landforms and/or deposits that can be correlated across the
eastern fault has hindered the definition of the vertical offset. However, it should be
noted that the estimate of the offset across this segment of displaced geologic/
geomorphic features has to be considered with caution, in order to define a tectonic
slip rate. Indeed, the sector of the SW slopes of Mt. Morrone between the main fault
branches has been affected by large-scale gravitational movements, which have
already been detected by Ciccacci et al. (1999) and Miccadei et al. (2004), and
described by Gori et al. (2006; 2008).

4.2 The Maiella-Porrara normal fault system

As reported in section 2.1, the sector comprised between the Maiella Massif, Mt.
Morrone and Mt. Porrara was the origin of high-magnitude historical earthquakes
that occurred in 1706 (Maw = 6.6) and in 1933 (Maw = 5.7) the causative faults of
which is still under debate.

Geological and geomorphological surveys carried out in this area permitted us the
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identification of Late Quaternary normal faulting in this area.

We have detected normal fault segments 1) in the southern sector of the Maiella
Massif, here the Palena Fault, and 2) along the western slope of Mt. Porrara, here the
western Porrara Fault, a relief located south of the Maiella relief. Although these
faults have already been mapped in the past (Donzelli, 1969; Vezzani et al., 1993;
Vezzani and Ghisetti, 1998), their Late Pleistocene-Holocene activity has not been

described before.

4.2.1 Field data

These tectonic structures appear to branch from a northern fault segment that
propagates towards the SW from the Mt. Morrone normal fault system (Fig. 4.2.1,
4.2.2).
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Fig. 4.2.1 - Digital Terrain Model on which red lines mark the segments of the Mt. Morrone normal fault system as described in the present work; the yellow lines, instead, mark the fault
segments detected in the area comprised between Mt. Morrone, Maiella Massif and Mt. Porrara.
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Fig. 4.2.2 — Three-dimensional images of the southern Maiella Massif and Mt. Porrara area
created by draping aerial orthophotos (1:10.000 Scale, from C.G.R. Parma, Italy) over digital
topography (40 m pixel resolution, from Regione Abruzzo, Italy) with sun direction from the SE
and sun angle = 45°. The red lines mark the fault segments of the Maiella-Porarra fault system.
The blue dashed line marks the Caramanico fault-line scarp as described by Ghisetti an Vezzani
(2002) while the yellow dot-dashed line marks the “Fondo di Maiella” landslide scarp (see the
text). The numbers (1-4) indicate the site described in the text.

The Palena fault
The Palena Fault is formed by a major N110°-120° trending fault segment and by
some minor synthetic sub-parallel splays. The main fault crosses the slopes in the

southernmost sector of the Maiella ridge at right angles (Fig. 4.2.3).

- e =

| Fig.4.2.3 —Palena
Fault scarplet
(indicated by red
& arrows) along the
¢ south-eastern slopes

¢ of the Maiclla Massif,
¥ close to the of village
! Palena.

It is also transverse to the axial trace of the Maiella anticline close to the southern
plunge.
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This fault segment was observed in the field between the village of Palena (close to

the Aventino river thalweg) and the Guado di Coccia saddle (see Fig. 4.2.4).

Fig. 4.2.4 — Palena Fault
scarplet (indicated by red
arrows) close to the Guado di
Coccia saddle, along the
uppermost part of the Maiella
relief.

Based on geomorphic evidence, it can be extended westward along the western
Maiella slope, up to ca. 1.5 km east of Campo di Giove. Hence a total length of
about 7 km can be evaluated for the entire fault segment.

These SSW-dipping planes are usually associated with bedrock scarps. Along the
scarps, the exposed faults are responsible for the displacement of the Mesozoic-
Cenozoic carbonate bedrock that outcrops both in the footwall and in the hanging-
wall blocks. This geomorphic feature suggests that erosional selective processes

have had no influence on the formation of the scarps (Fig. 4.2.5).

Fig. 4.2.5 — Palena fault scarplet. The carbonate substratum crops
out both in the hanging wall (indicated by the white arrow) and in
the footwall (indicated by the black arrow) of the fault.
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Moreover, the fault scarps generally show very little degradation and interrupt the

continuity of the Maiella eastern slope. Since the regular profile of Apennine slopes

results from the last significant morphogenic phase, which is generally attributed to

the Last Glacial Maximum, an age of post-18 kyr BP can be attributed to the scarp

formation and the related fault activity (see Galadini and Galli, 2000; Roberts and

Michetti, 2004, for a full discussion on this topic).

Locally, Quaternary continental deposits are juxtaposed against the bedrock fault

plane (Fig. 4.2.2, site 1). Erosion of these deposits has produced exposures of the

fault plane that are up to 20-30 m high (Fig. 4.2.6), and very clear kinematic

indicators can be detected (Fig. 4.2.7).

Fig. 4.2.6 — The 20-30 m high exposure of the Pal

ena Fault plane ca. 700 m NW of

Palena village (Fig. 4.2.2, site 1). Here, the fault juxtaposes Messinian gypsum-
arenites in the hanging wall, against Eocene-Oligocene calcarenites in the footwall.

The fault-slip data show nearly pure dip-slip normal movements (Fig. 4.2.7 a)

probably superposed on slickenlines indicating sinistral oblique motions (Fig.

42.7b).

Fig. 4.2.7 — Schmidt net
diagrams on which
synthetic shear planes
detected in the fault
zone (black great
circles) and the pitch of
the slickenlines (black
dots) are plotted, related
to: a) dip-slip normal
movements and b) to
sinistral oblique (pre-
Quaternary) kinematics.
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These dip-slip movements provide the principal axis of extension, trending about.
NNE-SSW.

This extension is consistent with deformation of the Late Quaternary deposits, which
have been displaced and dragged by the fault activity, and it appears consistent with
the extensional deformation presently acting in the chain (e.g. Galadini, 1999; Pizzi
et al., 2002).

In contrast, the earlier, left-lateral, strike-slip striations probably result from the
Pliocene fault motions that were related to the formation and evolution of the
Maiella thrust-related anticline. The left-lateral movement of the fault is, indeed,
kinematically consistent with the NE-SW-oriented main axis of compressive stress
that was responsible for the formation of the Apennine thrust-belt. On the whole, the
Palena Fault represents an inherited Pliocene syn-orogenic sinistral-oblique structure
that was reactivated with nearly pure dip-slip normal motions during the Quaternary.
The contact between the carbonate bedrock and Quaternary slope-derived deposits
can be observed ca. 1 km upslope (NW) of Palena, at an elevation ranging between
1,025 m and 1,075 m as.l. (Fig. 4.2.2, site 1). Here, the sediments are clearly
displaced (Fig. 4.2.8) and dragged (Fig 4.2.9) along the fault plane.

« ‘ > 3 . L A e,

Fig. 4.2.8 — Late Pleistocene slope-derived deposits (see the text) displaced along
the Palena fault. The green and blue dashed lines mark the attitude of the layers
while the red arrows indicate a fault plane that affects the sediments.
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Fig. 4.2.9 — Late Pleistocene slope deposits truncated by the Palena fault activity. The
clasts are clearly dragged and verticalised by the fault movements.

The thickness of the exposed deposits is 18-20 m. These deposits comprise
moderately well sorted, massive to well-bedded, angular-to-subangular gravels,
clast-supported to matrix-supported (silty-sandy, brown-red matrix), displaying a
sub-horizontal attitude. The radiocarbon dating of an interbedded organic-rich, and
in places volcanic-rich, colluvium that occurs at the intermediate portion of the
exposed deposits (see location in Fig. 4.2.10) and that was clearly displaced by the
fault, indicated an age of 36,300 +£1,300 yr BP (analysed at Beta Analytic
Radiocarbon Dating Laboratory, Florida, USA).

Falena fault: dragging along the fault plane

Fig. 4.2.10 — Slope deposits dated at the Late Pleistocene dragged along the
fault plane.
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It must be noted that this chronological determination actually results from the
organic matter borne by the parent material of the colluvial layer, i.e. a paleosoil.
This implies that the age of 36,300 1,300 yr BP represents the minimum age for the
debris deposition, which therefore probably occurred in more recent times.
Furthermore, the lithological and the morphologic characteristics of the slope-
derived deposits described suggest that they can be related to the debris sequences
that were widespread throughout the Apennines and were deposited in the peri-
glacial environment during the Last Glacial Maximum (e.g. Dramis, 1983).

Hence, an age for the deposition of the scree ranging between about 40 kyr and 15
kyr can be considered as reliable.

The continuity of the deposits towards the slope is interrupted by the fault. Their
dragging and displacement along the fault plane defines the Late Pleistocene activity
of the Palena Fault. Since the basal contact of the deposits with the carbonate
substratum is not exposed in the hanging wall, and the layers display a sub-
horizontal attitude, we can assume the measurable thickness of the sediments (18-20
m) as the fault minimum offset that occurred after about 40 kyr BP.

This estimate of the offset is supported by the displacement of the same debris
sequence that outcrops in the fault footwall a few tens of metres downslope and that

is suspended ca. 18 m above the present bottom of the incision (Fig. 4.2.11).

Minimum
downthrown
18'm

v

Fig. 4.2.11 — Late Pleistocene slope-derived deposits suspended above the
present valley bottom of about 18 m by the Palena fault activity.
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The occurrence of non-tectonic processes — such as differential compaction and/ or
gravity-related phenomena (landsliding) — that might have determined the observed
deformations of the deposits can be excluded, as explained in the following. Indeed,
the sediments described mainly consist of clast-supported gravels. This lithological/
sedimentological characteristic suggests that compaction processes can be
considered as almost negligible. Furthermore, these deposits lie on a slope
characterised by a low-energy local relief, not showing morphological features
suggesting the presence of slope instabilities (as visible in Fig. 4.2.6). This
framework allows us to exclude that gravitational processes had a key role in
determining the deformation of the sediments.

The Palena Fault is also responsible for the displacement of slope deposits a few tens
of metres north of Palena (Fig. 4.2.2, site 2), detected along the wall of an abandoned
small quarry (Fig. 4.2.12). These sediments are made of carbonate, angular-to-
subangular gravels, ranging in size from granules to boulders, with a clayey, silty
and sandy matrix. An interbedded pedogenic colluvium, warped and dragged along
the fault has been dated by means of radiocarbon age determination and gave an age

of 11810-11420 BC (calibrated, 20).

Fig. 4.2.12 — Late Pleistocene-Holocene slope debris displaced and dragged along the
southern tip of the Palena fault (red dashed line). The yellow dashed lines mark the
shear planes affecting the sediments.

Moreover, the present soil has also been displaced by the fault movement by about
15 cm (Fig. 4.2.13). A bronze leaf collected within the displaced soil suggests a fault
activation, with consequent surface faulting, subsequent to the Bronze Age (Fig.

4.2.14).
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Fig. 4.2.13 -
Displacement of the
present soil (the base of
which is marked by the
yellow line) along a
synthetic fault plane of
the Palena fault.

Fig. 4.2.14 — Bronze leaf
found within the present soil.

Nevertheless, further studies are planned to define the age of the formation of the
present displaced soil and to obtain new chronological constraints for the Holocene
fault activity.

The longest northern fault segment of the Palena Fault can be detected along the
middle part of the slope. Slope-derived breccias outcrop at an elevation of 1,450-
1,470 m as.l., and they are made of layered, angular-to-sub-rounded, carbonate

gravels in pink-orange cement. Their lithological characteristics suggest their
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possible attribution to the “Second sedimentary unit” of the regional continental
stratigraphic succession referred to the Early Pleistocene by Bosi et al. (2003). These
deposits have evidently been dragged along the fault plane (Fig. 4.2.2, site 3; 4.2.15).

3

Fig. 4.2.15 — Slope-derived breccias, probably related to the Early Pleistocene, dragged
along the Palena fault (the yellow dashed line indicated the attitude of the displaced

This represents further evidence of the Quaternary fault activity of the Palena Fault.

The western Porrara fault segments
Three NNW-SSE-striking fault segments (right-stepping, en-echelon pattern) were
detected along the western slopes of Mt. Porrara (Fig. 4.2.2). The kinematic
indicators measured along the fault planes suggest prevailing normal movements.
The central fault segment, already identified by Galadini and Galli (2000), was
observed in the field for a length of about 3 km (Fig.4.2.16).

Fig. 4.2.16 — Mt. Porrara normal fault segments (red arrows indicate the central fault branch).
The black arrow indicate the fault plane. 51



The fault places slope-derived debris in contact with the carbonate substratum (Fig.
4.2.2, site 4; Fig. 4.2.17). These slope deposits, commonly laying in the hanging wall
along the whole western Porrara Fault, are made of unconsolidated, layered, clast-

supported, angular-to-subangular carbonate gravels.

Fig. 4.2.17 — Slope-derived deposits (indicated by the yellow arrow), outcropping at the
hanging wall of the Porrara fault segments. The layers (the attitude of which is marked
by the green dashed line) ends abruptly against the fault (indicated by red arrows).

The thickness of the outcropping sediments is about 15 m and the slope is partially
carved into them. Such lithological, stratigraphical and geomorphic characteristics
suggest that these deposits can be correlated to those usually detectable along the
south-facing and south-west-facing Apennine slopes, which are known as grézes
litées or éboulis ordonné (Coltorti and Dramis, 1988, and references therein), and
which are typical of periglacial depositional environments of the Last Glacial
Maximum.

Since the plane of the middle fault segment is not well exposed, it has been
essentially mapped by its morphological evidence (as the fault activity formed a
bedrock scarp) and from the available geological maps (e.g., Vezzani and Ghisetti,
1998), for a length of about 2 km. This represents the shortest segment of the
western Porrara fault branches.

The southernmost segment of the Maiella-Porrara fault system is well exposed in the
piedmont area of the Mt. Porrara slopes (Fig. 4.2.18), close to Palena railway station

(see Fig. 4.2.2). It can be identified for a length of about 2.5 km.
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i Fig. 4.2.18 — Southern Porrara fault
segment. The plane is indicated by
the red arrow.

This segment bounds an endoreic depression, the Quarto S. Chiara plain, and it was

partly responsible for the truncation of the depression threshold (Fig. 4.2.19).

d

Fig. 4.2.19 — a) Southernmost Porrara
fault segment (red line); b) simplified
topographic map showing the fault
segment (red dashed line) that truncate
the valley that drains the Quarto Santa
Chiara basin.

The lack of significant outcrops has prevented the determination of the amount of
displacement of the deposits from the Last Glacial Maximum.

NE of the village of Campo di Giove, the northernmost segment (about 4 km in
length) of the Maiella-Porrara fault system is detectable between the northern tip of
the northernmost Porrara fault segment — described above — and the southern tip of
the Mt. Morrone fault system (see Figs. 4.2.1 and 4.2.2).

The Quaternary activity of this fault segment is demonstrated by the displacement of

the accumulation of an enormous rock avalanche, known in the literature as
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“Campo di Giove rock avalanche” (Di Luzio et al., 2004) and detached from the
western flank of the Maiella relief (“Fondo di Maiella” landslide scarp; see Fig.
4.2.2). The landslide accumulation, attributed to the Middle-Late Pleistocene by the
mentioned authors, is displaced by about 50 m along the fault branch (Fig. 4.2.2, site
5; Fig. 4.2.20). The displacement of the landslide accumulation was already
hypothesised by the mentioned authors.

“Fondo di Maiella” landslide scarp

Fig. 4.2.20 — Vertical displacement, quantified in about 50 m, affecting the “Campo di
Giove rock avalanche” due to the activity of the northernmost segment (marked by the
red line) of the Maiella-Porrara normal fault system.

4.3 The Paganica fault and surface co-seismic ruptures caused by the April 6,
2009 earthquake

On April 6, 2009, at 01:32 GMT, a Mw 6.3 seismic event (Istituto Nazionale di
Geofisica e Vulcanologia, 2009; MedNet,
http://mednet.rm.ingv.it/procedure/events/ QRCMT/090406 013322/qrcmt.html) hit
the central Apennines, severely damaging the town of L’Aquila and dozens of
neighbouring villages, resulting in almost 300 casualties. This earthquake was the
strongest in central Italy since the devastating 1915 Fucino event (Mw 7.0). The
INGYV national seismic network located the hypocentre 5 km SW of L’Aquila, 8-9
km deep. Based on this information and on the seismotectonic framework of the
region, earthquake geologists travelled to the field to identify possible surface
faulting (Emergeo, Working Group, 2009; Rilievi geologici di terreno effettuati
nell'area epicentrale della sequenza sismica dell'Aquilano del 6 Aprile 2009;
http://www.ingv.it).

To identify the causative fault of this earthquake, we considered the structural
framework of the area E and SE of L’Aquila, where different structural patterns have

been depicted in the past. Indeed, since the 1970s, this sector has been repeatedly
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investigated regarding its neotectonic and active tectonic frameworks (Bosi and
Bertini, 1970; Bosi, 1989; Bagnaia et al., 1992; Bertini and Bosi, 1993). In
particular, the two most recent studies present substantially different structural
frameworks regarding the Quaternary activity. Bagnaia et al. (1992) reported a
normal fault in the zone of Paganica that connects it with another normal fault in the
area of San Demetrio ne’ Vestini, providing a simple structural image of this area
(Fig. 4.3.1 a) that is affected by a ca. 20-km-long fault that partly affects Quaternary
deposits. In contrast, Bertini and Bosi (1993) summarised a complicated structural
framework of Quaternary faults in this area. The scheme proposed excludes a link
between the Paganica fault and that in the area of San Demetrio ne’ Vestini. The
information on the Quaternary faults was summarised in a map by Vezzani and
Ghisetti (1998), where the Paganica fault is mapped as a 9-km-long segment
independent of the San Demetrio ne’ Vestini fault (Fig. 4.3.1 b).

Finally, these data have been included in different ways in seismotectonic studies at
a regional scale. When mapping the surficial expression of sources that could
potentially be responsible for M >6.5 earthquakes, Galadini and Galli (2000) did not
include the short Paganica fault segment at the NW end of the MAVFS. In contrast,
Boncio et al. (2004) linked one segment of the UAVFS mapped by Galadini and
Galli (2000), i.e. the southeastern-most one (the Mt. Pettino fault), to the Paganica
fault, defining a single 13-km-long fault segment in the area of L’Aquila that is not
linked to the San Demetrio ne’ Vestini fault (Fig. 4.3.1 c). Roberts and Michetti
(2004) and Papanikolaou et al. (2005) reported a segment of more than 30 km in this

area , not including, however, the Paganica fault.
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Fig. 4.3.1 — Tectonic structures (white lines) affecting the area of Paganica, as reported in a)
Bagnaia et al. (1992), b) Vezzani and Ghisetti (1998) and c¢) Boncio et al. (2004).

The geological surveys carried out ad-hoc after the earthquake along the Paganica
fault (which is presently considered the surface expression of the seismogenic source
of the earthquake of April 6) provide a different picture from that in the published
literature before this earthquake.

4.3.1 Field data

The Paganica fault
Our geological surveys and analyses of aerial photographs taken after the earthquake
define the surficial geometry of the long-term expression of this fault. We define
three NW-SE trending segments that have a dextral en-echelon relationship (Fig.
4.3.2).
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Fig. 4.3.2 — Satellite image on which the segments of the Paganica fault (as defined by
the present study) are shown (white lines; white dot-dashed line mark the possible
southern prolongation of the coseismic surface displacement), together with the
approximately N-S trending fault plane (white dashed line) detected between the central
and the southern branches of the Paganica fault; the black and the white squares mark
sites where i) the Paganica fault and ii) the evidence of surface faulting/ rupturing (i.e.
ground cracks and free-faces) have been observed, respectively

The northernmost segment (segment 1, 3 km long) is located between the area east
of Collebrincioni and Vallone delle Grotte (NE of Tempera). The central segment is
detected in the area of Paganica (segment 2; 3 km long) and terminates towards the
SE along the road that connects Paganica and Pescomaggiore. The southernmost
segment (segment 3; 2 km long) extends to the NW from the village of San
Gregorio.
The surficial expression of the northern fault segment is marked by a prominent fault
scarp in carbonate bedrock, at the base of which the slickenside surface is exposed
(Fig. 4.3.3).
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Fig. 4.3.3 — Fault scarp (indicated by the red arrows) formed on the carbonate
bedrock, along the northern segment of the Paganica fault.

In the central part of the segment, next to Colle Cocurello and Colle Enzano, the
fault splits into two splays (see Fig. 4.3.2). Here, unconsolidated slope deposits (i.e.,
not older than the Last Glacial Maximum period; see Castiglioni et al. 1979; Dramis,
1983; Coltorti and Dramis, 1988, for more on this topic) are exposed at the base of
the fault scarp and are displaced along the eastern fault splay, where the “Vigne
Basse” viaduct of the A24 motorway crosses the fault zone (Fig. 4.3.4).

& -'Slo'p'e
L~ deposits

Fig. 4.3.4 — Slope deposits, the attitude of which is highlighted by the white dashed line,
placed in contact (the contact is marked by the black arrows) with the carbonate bedrock by
the northern fault branch. Black dashed lines mark secondary shear planes.

Moreover, a small hand-made excavation (few tens of centimetres deep) performed
along the fault scarp slightly to the north exposed post-Last Glacial Maximum debris

dragged along the fault scarp, due to the fault movement. Hence, overall, these
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findings confirm the Late Pleistocene-Holocene activity of the Paganica fault. In the

southern portion of the segment, the scarp is carved on alluvial deposits (Fig. 4.3.5).

Fig. 4.3.5 — Fault scarp on the northern fault branch formed on alluvial deposits, near
to the southern end of the segment. The red arrows indicate a freshly exposed (co-
seismic) free-face at the base of the scarp.

The scarp on the central segment of the Paganica fault is present at the base of the
slopes between Tempéra and Paganica. The fault scarp is formed both in the
carbonate bedrock, in the northernmost part of the branch, and in fluvial deposits, in
the central and southern portions of the segment. Here, according to Sheet 359
“L’Aquila” of the Geologic Map of Italy at 1:50,000 (Foglio CARG 1:50,000, 2009.
Cartografia geologica ufficiale Foglio CARG 1:50,000 N. 359, L’Aquila), the
tectonic structure places Pliocene/Middle Pleistocene continental deposits in contact
with Late Pleistocene sediments.

Many outcrops in the fault zone show displaced middle Pleistocene-Holocene fluvial
and slope deposits (Fig. 4.3.6) along several synthetic fault planes (about N140°
trending).
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Fig. 4.3.6 — Fluvial gravels (the green dashed line marks the attitude) displaced along a
synthetic fault plane (indicated by the red arrows) related to the Paganica fault,
characterised by rotated clasts in the shear zone (red dashed lines inset)

The oldest fluvial sediments displaced along the fault contain partially-to-strongly
reworked and/or weathered ash layers. Locally, ash deposits occur as primary air-fall

deposits, as centimetre-thick, tephra layers (Fig. 4.3.7).

Fig. 4.3.7 — Fluvial and slope deposits containing Middle Pleistocene tephra layers (inset)
displaced along a synthetic fault plane (indicated by the red arrows) of the Paganica fault.
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Chemical, lithological and isotope analyses on three of the thickest, best-preserved
ashes have allowed us to assign them to the eruptions of “Tufo Pisolitico di
Trigoria”, “Pozzolane Rosse” and “Tufo Rosso a Scorie Nere” (authors’ unpublished
data) from the Colli Albani and Sabatini volcanic districts (central Italy); these ashes
have been dated to about 560, 456 and 450 ka, respectively (Marra et al., 2009, and
references therein). These data provide the oldest chronological point-control for the
dating of the activity of the Paganica fault.

More recent activity on the central segment of the Paganica fault is documented by
displaced colluvial and fluvial deposits along at least three shear planes that are
exposed in the walls of a deep trench (up to 5 m high) that is perpendicular to the
fault. The trench, which is in north of Paganica, was dug out by a strong jet of water
from a leak in an aqueduct that ruptured during the earthquake (Fig. 4.3.8). In the
uppermost part of the trench, one fault plane places carbonate breccias in contact

with fluvial gravel, colluvial and soil levels that are displaced by some metres.

Fig. 4.3.8 — Synthetic fault plane, detected along the walls of the trench of the aqueduct,
displacing alluvial, pedogenic and colluvial deposits.

Other shear planes exposed in the trench displace fluvial and slope deposits (Fig.
4.3.9). Organic-rich material in the colluvium yielded radiocarbon ages of 5,718

BC/5,467 BC to 5,403 BC/5,387 BC (calibrated 26) (Fig. 4.3.9) and 34,970+470 BP.
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Fig. 4.3.9 — Synthetic shear plane, detected along the wall of the trench, placing fluvial
gravels in contact with colluvial deposits dated to the Late Holocene.

The latter age is supported by U/Th dating of a calcareous tufa that is embedded in
the dated organic-rich deposit that gave an age of 33,000 +4100 BP. These data
support the Late Pleistocene-Holocene activity of the Paganica fault.

The southern end of the central segment of the Paganica fault ends against a N-S
trending tectonic structure that dips about 80° to the E. This fault is visible along the
road that connects Paganica to Pescomaggiore and shows normal-to-transtensive

kinematics (Fig. 4.3.10).

Fig. 4.3.10 — N-S trending fault plane (indicated by red arrows) that truncates Middle
Pleistocene slope and alluvial deposits (the attitude is marked by the green dashed line).
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Here, alluvial-fan and colluvial deposits are displaced on the Paganica fault and the
N-S fault. The sediments contain the above-described Middle Pleistocene tephra
layers, thus indicating a post-Middle Pleistocene activity of the N-S fault.

The central and the southern branches of the Paganica fault are separated by a
transfer zone (e.g. Peacock, 2002) that is here marked by a wide landsurface that
gently dips towards the NW.

The southern segment of the Paganica fault is located SE of Paganica from the area
E of the San Vittorino to the village of San Gregorio. Its surficial expression is
defined by a scarp in carbonate bedrock, at the base of which the slickenside surface

is often exposed (Fig. 4.3.11 a, b).

Fig. 4.3.11 — a) Fault plane of the southern fault branch, exposed at the base of the carbonate
bedrock fault scarp; b) Paganica fault plane in the area of San Gregorio.

At its northern end, the fault branch intersects a fault plane trending about N20° and
dipping steeply eastward, which affects the carbonate bedrock (Fig. 4.3.12). This
fault and the above-mentioned N-S trending tectonic structure are probably part of to

the same fault system.

Fig. 43.12 — Fault plane
roughly N20° trending, seen at
the northern end of the southern
branch of the Paganica fault.
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Coseismic surface rupturing along the Paganica fault zone

The field surveys performed in the days subsequent to the main shock allowed us to
identify coseismic surface deformation along the Paganica fault that produced sets of
NW-SE trending ground cracks aligned along the fault zone, and parallel the fault
segments, and which comprise a belt not wider than a few tens of metres. These
fractures were up to a few centimetres wide and several tens of metres long (with no
solution of continuity), and they commonly had an en-echelon (mainly dextral step-
over) arrangement.

These ground cracks were almost continuous 1) through fields and urban areas,
where roads and buildings were affected by newly formed ruptures and damage; 2)
along slopes and plain areas; 3) across any morphological features of the landscape,
such as small ridges, valleys and landsurfaces; and 4) affecting both natural and
man-made terrain.

Moreover, most cracks along the central fault segment had vertical and horizontal
offset between the sides (with the downslope side lowered) of a few centimetres; the
displacement increased during the days subsequent to the April 6 shock, reaching a
maximum of about 15 cm. In contrast, cracks along the northern and the southern
branches did not have readily observable vertical offsets rather the ground was

gently flexed, with an amplitude of less than 10 to 15 cm.

- Northern fault segment
Along the northern segment of the Paganica fault, discontinuous ground ruptures, no
more than about 20 m long and 1 cm wide, were observed at the base of the fault

scarp (Fig. 4.3.13).
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Fig. 4.3.13 — Coseismic ground cracks (indicated by black arrows) detected along the
Paganica northern fault branch.
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In particular, in the central part of the segment, the cracks are located where the fault
splits into two splays (i.e. between Colle Cocurello and the Vigne Basse locality, see
previous section), with different sets that trend roughly 120° to 170°. We observed
cracks on both splays. A crack was also present where the above-described Late
Pleistocene-Holocene slope debris was perhaps displaced on the tectonic structure

(Fig. 4.3.14).

Fig. 4.3.14 — Ground
cracks (indicated by black
arrows) next to the slope
deposits shown in Figure
4.3.4 displaced along the
Paganica fault.

Here, the “Vigne Basse” viaduct of the A24 motorway that crosses the Paganica fault
zone (see previous section) suffered damage during the shock of April 6. This
damage to the viaduct, mainly consisting in the re-opening of pre-existing “injuries”
due to aging (i.e. old cracks with traces of water percolation), occurred where it
crosses the Paganica fault. Hence, the damage might have been mostly caused by the
strong ground motion caused by the earthquake, combined (subordinately) with the
coseismic ground deformation (which is marked by cracks) at the fault zone (where
piers of the viaduct are positioned) .

Moreover, evidence of reactivation of the fault plane is visible along the northern
part of the segment where a fresh-looking free-face up to 8-10 cm high is present at
the base of the slickenside surface. This free-face extends continuously for several

metres, and marks the contact between the carbonate bedrock and the slope scree at
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the base of the scarp (Fig. 4.3.15).

Fig. 4.3.15 — Fresh free-face (the width of which is marked by the red arrows) detected at
the base of the fault plane at Colle Enzano.

In some places, the free-face was marked by remnants of soil that coats the base of
the scarplet.
Moreover, the slope scree was separated from the bedrock scarp surface by an about

1-3-cm-wide fissure.

- Central fault segment
We found ground cracks in the area between Tempéra and Paganica that parallel the
fault branch where synthetic shear planes affect the Late Pleistocene-Holocene

deposits (Fig. 4.3.16).
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Fig. 4.3.16 — Coseismic ground cracks (indicated by red arrows) detected along the central
segment of the Paganica fault.
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Cracks are present continuously along the entire segment. In the village of Paganica,
these ground ruptures intersected the trench at the aqueduct (Fig. 4.3.16 c), so we can
reasonably hypothesise that the damage to the aqueduct can be attributed to the
coseismic surface displacement along the tectonic structure.

To the southeast, we found ground ruptures as far as the southern end of the central
segment. Along the transfer zone that separates the central segment and southern of
the Paganica fault, we found two intersecting sets of ground fractures, one set
trending about roughly N20° and the other trending about NW-SE (about 150°) (Fig.
4.3.17).

Fig. 4.3.17 — Intersecting sets of coseismic ground crack (marked by white and black

arrows) detected between the central and the southern segment of the Paganica fault.
The former set was aligned with the aforementioned N-S fault, while the latter has a
direction similar to the Paganica fault trend. Some of these intersecting ground
cracks appeared in the days subsequent to the mainshock, probably related to the
occurrence of afterslip.
Rather discontinuous E-W trending fractures extend for less than 1 km in length in
the area of Tempera. These secondary features might result from local, surficial

cracking due to movements along secondary E-W striking tectonic structures,
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which have been mapped in this area (e.g. Bagnaia et al., 1992; Vezzani and
Ghisetti, 1998; Foglio CARG 1:50,000, 2009. Cartografia geologica ufficiale Foglio
CARG 1:50,000 N. 359, L’Aquila); although the Late Quaternary activity of these E-
W tectonic structures has never been investigated, they may represent transfer faults
between different fault branches that, in this case, can be represented by the Paganica
fault and the Pettino fault, the latter being considered as an active fault segment by
different authors (e.g. Galadini and Galli, 2000; Boncio et al., 2004) pertaining to the
Upper Aterno Valley fault system (Galadini and Galli, 2000).

- Southern fault segment
A few tens of metres south-eastwards, we found NW-SE trending ground cracks at
the northern end of the southern fault segment that extend towards the SE and

parallel the carbonate bedrock fault scarp (Fig. 4.3.18).

Fig. 4.3.18 — Ground fissure (indicated
by black arrows) found north of San
Gregorio, close to the northern tip of the
Paganica southern fault segment.

The width of the fractures increased in the days subsequent to the mainshock. This
confirmed the occurrence of a certain amount of afterslip.

Further south, we found several ground ruptures close to the southern end of the
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fault branch, in the area of San Gregorio (Fig. 4.3.19), with some cracks being tens
of metres long. According to eye witnesses, some of these fracture formed during the
aftershock of April 7 (Mw 5.6; Istituto Nazionale di Geofisica e Vulcanologia, 2009;
MedNet,

http://mednet.rm.ingv.it/procedure/events/ QRCMT/090406_013322/gremt.html).

Fig. 4.3.19 — Ground cracks (indicated by black arrows) in the area of San Gregorio. 71



Here, the cracks were arranged in two sets trending between N120° and N150°. We
also found, a fresh fracture with N350° trend that affected the carbonate bedrock
(Fig. 4.3.20). A fresh-looking crack on the ground occurred where the fracture
intersected the surface (Fig. 4.3.20, inset).

Fig. 4.3.20 — Fracture affecting the
carbonate bedrock (indicated by
white arrows) near the southern
termination of the southern
segment of the Paganica fault.

Investigation along the Mt. Bazzano antithetic normal fault

We also examined a previously mapped normal fault (e.g. Vezzani and Ghisetti,
1998) on the eastern slopes of Mt. Bazzano, and that is an antithetic fault to the
Paganica fault. The surficial expression of this structure is a preminent fault scarp at
the base of which the fault plane is exposed.

We identify local evidence of fault-plane reactivation that consists of a free face of
up to 15 cm high, at the base of the slickenside and which, in places, had remnants of
the soil coating the scree deposited at the base of the fault plane. This new free face
was discontinuous as it was typically observable for no more than a few metres in
length. Many sectors of the fault, indeed, showed no evidence of rejuvenation along

the bedrock scarp. (Fig. 4.3.21)
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Fig. 4.3.21 — Free-face (white band at
the base of the slickenside, indicated
by red arrows) exposed in places at
the base of the bedrock of the
Bazzano fault.

Taken together with 1) the remarkable steepness of the slopes, and 2) the absence of
evident ground cracks along the fault, — comparably to the Paganica fault — this
suggests that the formation of the free face along the Bazzano normal faults was
probably mainly due to non-tectonic gravitational processes and/or compaction of
the unconsolidated scree at the base of the fault planes. Nevertheless, we cannot
preclude a coseismic tectonic component to the new free face because, the fault is

antithetic to the Paganica fault.

5. CASE STUDY IN THE CALABRIAN ARC

5.1 Evidence of active inverse faulting in the north-eastern sector of the
Calabrian Arc

The sector of the Calabrian Arc under investigation is characterised by a complex
structural evolution, as the main structural feature located in this area is part of the
aforementioned “San Gineto Line”. Here, this tectonic structure, mainly E-W and
NW-SE trending and bounding to N and NE the Sila Massif, is known as “Cetraro-

Rossano Line” (Moretti and Guerra, 1997), or “Rossano-San Nicola fault zone”, or
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“Corigliano-Rossano Line” (Moretti, 2000) or “Rossano Fault” (Galli et al., 2008)
(Fig. 5.1.1).
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Fig. 5.1.1 — Seismotectonic framework of the
Calabrian region as proposed by Galli et al.
(2008). The red circle indicates the area
investigated in this thesis.
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This fault system experienced a complex kinematic history — that is still under debate
— being characterised by a normal-to-normal oblique kinematics that probably
superposed on a strike slip kinematics (Moretti and Guerra, 1997; Galli et al., 2006;
Corbi et al., 2009).

As for the activity of this fault system, several minor faults — related to the Rossano
Fault — displaying a mainly normal-to-strike slip kinematics, have been seen within
the Quaternary marine and continental sequences outcropping in the area of the
Rossano plain (e.g. Corbi et al., 2009). Hypothesis about the Late Pleistocene-
Holocene activity of this tectonic structure has been discussed by Moretti (2000)
who, however, did not provide geological evidence supporting the hypothesis.

More recently, Galli et al. (2006; 2008) identified evidence of displacement (related
to normal movements) of Holocene slope-derived deposits along the 12 km long

Rossano Fault.

5.1.1 Field data
Our preliminary field investigations in this area permitted us the identification of an

excavation for a building located few tens of metres far from the coastline, SE of
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the village of Mirto, some kilometres E of Rossano Calabro (Fig. 5.1.2).

B2 an Discomo-Murineiis

Fig. 5.1.2 — Location of the excavation (red rectangle) described in the text.
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This excavation was located on the left flank of the Fiumarella river valley, at the top
of a fluvial terrace suspended about 15 m over the present thalweg. This terrace is
morphologically embedded in a marine terrace the outer margin of which occurs at
about 25-30 m a.s.l. and that, therefore, can be attributed to either 1) the fourth order
of terraces of Carobene (2003), related by the author to the Marine Isotopic Stage
(MIS) 5.5 (i.e. the “Tyrrhenian” terrace) or ii) to the fifth order of terraces of Corbi
et al. (2009), related by the authors to the MIS 5.1.

This fluvial terrace display a gently warped profile (with a wavelength of some tens
of metres), with the axis of the bend trending about NW-SE, and is truncated towards
the sea by an about 15 m high scarp that separates the landform from the costal plain.
The wall of this excavation, roughly NE-SW oriented, exposed a sequence of layered
yellow-orange sands and clayey sands, with rare gravel levels interbedded. These

sediments display a counterslope dipping attitude (Fig. 5.1.3).
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Fig. 5.1.3 — Wall of the excavation described in the text. The yellow dashed lines mark the
attitude of the layers of the paleo-deltaic sediments.

The gravels are made of rounded and flattened pebbles made of limestone, granite
and metamorphic rocks, pertaining to the pre-Quaternary bedrock sequences
outcropping along the innermost sectors of the Fiumarella river valley.
Paleontological analyses performed on the clayey portions of the sequence provided
a foraminifers fauna (both planktonic and benthic) made of:

- Planktonic foraminifers: G.lia inflata, N. acostaensis sx, G.lia crassaformis, G.lia
scitula, Globigerinoides obliquus, Globigerina bulloides, O. universa.

- Benthic foraminifers: Ammonia tepida, A. parkinsoniana, Elphidium crispum, E.
advena, Cassidulina carinata, C. crassa, Bulimina basispinosa, B. elegans
marginata, B. elongata, Cibicidoides kullenbergi, Hyalinea baltica, Melonis

barleeanum, Valvulineria bradyana.
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This paleontological data provides some information as for the chronology of the
exposed sequence. Indeed, Globorotalia inflata appears at the base of MPL6 biozone
(i.e. between the Gelasian and Calabrian stages); Hyalinea baltica appears at the
base of the Emilian substage (i.c. middle Early Pleistocene) while Bulimina
basispinosa disappears at the top of the Emilian substage

These data, together with the sedimentological characteristics of the deposits allow
us to attribute them to a deltaic environment, of infra- to circa-littoral zone, not older
than the Early Pleistocene in age.

This chronological attribution is also corroborated by the fact that these paleo-deltaic
deposits laterally pass to a sequence of clay sediments likely pertaining to the “Ciclo
Suprapliocenico-Pleistocenico” of Vezzani (1968) and attributed by Bigazzi and
Carobene (2004) to the Middle Pleistocene because of the presence of an interbedded
tephra layer, related by the authors to this chronological interval.

Both the deltaic and the clay deposits were laterally in contact — through an evident
erosional surface — with colluvial deposits, made of sparse rounded pebbles (mainly
of sandstone, limestone, granite and gneiss) in a brownish-reddish silty-clayey
matrix. These colluvial sediments were fed by a small incision located along the
slope, uphill of the excavation. They probably resulted from the erosion and re-

sedimentation of the deposits on which the marine terrace is carved (Fig. 5.1.4).
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Fig. 5.1.4 — Morpho-stratigraphic scheme of the area.
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Radiocarbon age determination performed on these colluvial sediments gave an age
of 9800 BC-9786 BC/9771 BC-9360 BC — 7568 BC-7559 BC; 7553 BC-7351 BC
(calibrated, 20)

The wall of the excavation permitted the detection of several shear planes, about
NW-SE trending and dipping towards NE, that displaced the whole sedimentary
sequence described. The geometry of the deformed sediments indicates an inverse
kinematics of these structural features. Indeed, the sands of the paleo-deltaic
sediments are warped by the shear planes, the activity of which has been also
probably responsible for the landwards tilting of the layers. (Figs. 5.1.4, 5.1.5 and
5.1.6). The faults movements also determined the displacement of the Holocene
colluvial sediments. The offset of the erosional surface that marks the contact
between the marine sands and the continental deposits has been clearly identified
along the excavation wall. This observation indicates, therefore, the Holocene
activity of these structural features.

It must be noted that, as the geometry of the faults defines a counterslope, SW
vergence of the deformation, a “non-tectonic” origin (i.e. gravity related processes,

as landslides) of the deformations can be excluded.
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Fig. 5.1.4 — Inverse shear planes (marked by red dotted lines) affecting the sedimentary sequence exposed by the excavation.
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Fig. 5.1.5 — Close-up photograph showing the inverse shear planes (red dotted lines) affecting
the deposited described in the text. The yellow lines marks the layers of the deposits while the
blue dotted line marks the erosional surface between the deltaic sediments and the Holocene
colluvial deposits.
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Fig. 5.1.6 — Scheme of the wall of the excavation: 1) “cultural” unit; 2) colluvial deposits, made
of parse rounded pebbles (mainly of sandstone, limestone, granite and gneiss) in a brownish-
reddish silty-clayey matrix; 3) paleo-deltaic sediments represented by yellow-orange sands and
clayey sands.
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6. DISCUSSION

6.1 Mt. Morrone fault system

The data collected through geological and geomorphological surveys confirm the
Late Pleistocene-Holocene activity of both of the segments that represent the
surficial expression of the Mt. Morrone fault. In this section, we discuss the data that
have been gathered in terms of the kinematic implications, slip rate estimations and
magnitude that can be associated with a seismic event that may originate from the

activation of the fault system.

6.1.1 Kinematics of the fault system

The structural data collected along the fault planes indicate that the fault system is
characterised by mainly normal kinematics, with a minor oblique left-lateral
component, accommodating a NE-SW trending extension (i.e. about N20° trending).
This matches the results obtained in other studies performed in the central Apennines
(e.g. Calamita and Pizzi, 1994; Calamita et al., 1995; Galadini, 1999) which
concluded that during the Early Quaternary the central Apennine normal faults
experienced movements related to a N 45° trending extension, and in more recent
times, to a N10°-20° extension. Hence, the data collected along the Mt. Morrone

fault system are consistent with this regional kinematics.

6.1.2 Slip rate
The data that have been gathered have provided information on the offset that affects
the chronologically constrained continental deposits. This has allowed us to define

the slip rate of the western fault branch.

1) Site 1 in Fig. 4.1.1: the ca. 160-m-vertical displacement of the Morrone 7 unit
(<600 —>460 ka BP) defines a vertical slip rate of 0.31 £0.04 mm/yr. This might
be slightly lower than the actual vertical slip rate, since it was calculated by
considering the displaced deposits outcropping not far (about 1.5 km) from the
fault tip (derived from geomorphological observations), where the vertical throw

is expected to be lower than in the central sectors of the fault.

2) Site 2 in Fig. 4.1.1: the ca. 20-m vertical offset affecting the top surface of the
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Morrone 5 unit (<60 — 36 ka BP) allows the evaluation of a slip rate of 0.44
+0.12 mm/yr for the fault branch. The middle-higher values of the range have to
be regarded as more reliable, because the tephra layer dated at about 36 ka occurs
only 1-2 m below the top depositional surface of these deposits. This implies that
ca. 36 ka is very likely to be the age of the formation of the displaced

landsurface.

3) Site 2 in Fig. 4.1.1: the ca. 7-m vertical displacement detected on the top
depositional surface of the Morrone 4 unit (15-25 ka BP, i.e. the LGM) defines a
vertical slip rate of 0.37 £0.09 mm/yr for the western fault.

4) Site 4 in Fig. 4.1.1: the ca. 5-m vertical offset that affects the Morrone 6 unit at
the Le Svolte di Popoli site defines a slip rate for the western fault branch of 0.05
+0.01 mm/yr. This slip rate estimation cannot be considered as representative of
the fault kinematics. Indeed, as indicated in Figure 4.1.1, the Le Svolte di Popoli
site is located close to the northern tip (defined by aerial photography analysis
and ad-hoc geomorphic field surveys) of the fault, where the displacement is
assumed to be lower than in the central parts of the tectonic structure. Therefore,
the offset evaluated at this site cannot be included in the definition of the actual

slip rate.

Although not really useful for the definition of the actual fault slip rate, further
indication of Late Quaternary activity of the western fault branch derive from the
Sant’Anna Valley site, where the vertical displacement along secondary splays and
along the transfer fault has been detected. Here, the offset of the Morrone 7 and 6
units has been quantified at about a dozen metres (see paragraph 4.1.2).

The estimates of the slip rate listed above, which were determined by considering the
displacement that affects units of different ages, i.e. ranging from the Middle
Pleistocene to the LGM, are included within a narrow interval of values. However,
the estimates defined at the Popoli-Malepasso site have to be considered as being
more reliable than those defined at the Pacentro and Le Svolte di Popoli sites, since
these latter sites are located close to the fault tips. Nevertheless, the identification of
the fault tips from a structural point of view (i.e. derived from the variations in the

slip rate along the fault), as well as the definition of the fault geometry by means of
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geomorphologic observations (i.e. the detection and mapping of the fault planes and
related scarps), allows an accurate evaluation of the length at the surface of the
western fault, which is about 22-23 km. Hence, taking into account the slip rates
defined at the Popoli-Malepasso site, the estimates are statistically indistinguishable
from each other, and their weighted mean is 0.4 mm/yr, with a standard deviation of
0.07.

For the easternmost fault segment, although its post-LGM activity is documented in
section 4.1.1, no data are available for the definition of its slip rate. Indeed,
sediments that can be correlated across the fault are lacking. However, field data and
a comparison with cases reported in the literature relating to normal faulting allow
some hypotheses to be defined, which are discussed in the following.

As evident from Figure 4.1.1, the two main parallel fault segments are spaced at less
than 2 km, and they have comparable lengths. Moreover, they were probably
activated at different times — i.e. the western branch after the eastern one — testifying
to a basin-wards nucleation of the fault segments (Gori et al., 2007). This structural
setting is quite common in the central Apennines (e.g. the Fucino Plain; Galadini and
Messina, 1994; Galadini and Galli, 1999; the Gran Sasso Range; Galadini et al.,
2003b), and it is usually attributed to the shallow splaying of deeper single faults,
following well known models depicting the geometry of normal faults (e.g. Stewart
and Hancock, 1991; Walsh and Watterson, 1991; Childs et al., 1995; 1996; Walsh et
al., 2003). Moreover, according to Stewart and Hancock (1991) and Walsh and
Watterson (1991), in cases where fault systems show a migration of segment
nucleation towards the hanging wall, a distribution of the deformation along the
branches occurs. With this in mind, both the Mt. Morrone normal fault segments
may include the displacement.

It must be considered, however, that in most of the cases reported in the literature in
which such structural evolution of fault systems has been seen, the studies indicated
that the older faults become less active or completely inactive (e.g. Dart et al., 1995;
Messina, 1996; Horton and Schmitt, 1998; Jackson, 1999; Goldsworthy and Jackson,
2000; 2001; Goldsworthy et al., 2002; De Martini et al., 2004; Taylor et al., 2004;
Lamarche et al., 2006). Hence, although the inactivity of the eastern fault segment
can probably be excluded (as it shows evidence of Late Pleistocene-Holocene
activity), a cautious slip rate for this branch that does not exceed that of the western

branch can be hypothesised, i.e. included between >0 and <0.4 +0.07 mm/yr.
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Therefore, the slip rate of the whole Mt. Morrone fault system probably ranges from
>0.4 £0.07 to <0.8 +£0.09 mm/yr, with a preference for the average-to-higher values
of this range.

This estimate we propose is comparable to the slip rates defined by Galadini and
Galli (2000) for other central Apennine normal faults that show structural and
geometric characteristics that are comparable to those of the Mt. Morrone fault
system.

The slip rate obtained in the present study is, however, different from that estimated
by Miccadei et al. (2002) and Miccadei et al. (2004). The former study reported a
slip rate of about 1 mm/yr through correlation of Early Pleistocene breccias detected
in the fault footwall with reflectors identified in seismic profiles crossing the
Sulmona basin (i.e. in the hanging wall), which were considered as imaging the
correlative deposits of the breccias. However, conclusive data supporting this
correlation were not produced in that particular study.

On the other hand, Miccadei et al. (2004) estimated the slip rate for the Early (?)-
Middle Pleistocene period by means of morphometric analyses (i.e. synthetic
transversal and stream channel morphostructural profiles) of the Mt. Morrone south-
western escarpment. This study defined different slip rates for different sectors of the
slope: 1) 0.3 mm/year on the eastern fault segment; ii) 0.8-1.0 mm/year on the
western one, and in the northern sector of the fault system; and iii) a total slip rate of
1.2-1.4 mm/year for the southern sector of the fault system. These were based on
displaced relict landforms embedded in the Early Pleistocene Monte Orsa alluvial
fan. However, in our opinion, these estimates were proposed without a conclusive
chronological framework defining the age of the landforms displaced. Therefore, the
values obtained have to be considered with caution.

The long-term minimum slip rate for the westernmost fault segment defined by
Galadini and Galli (2000) is also higher than our estimate. Indeed, in this study they
indicated a slip rate of 0.50-0.66 mm/yr by considering the difference in elevation
between the Early Pleistocene breccias, detected along the SW slopes, and the base
of the Middle Pleistocene continental deposits lying beneath the basin surface, as
reported in a geological section by Cavinato and Miccadei (1995). In this case, the
estimate of the vertical offset is based on a hypothesis of a sub-surficial stratigraphic
setting, and it cannot be considered, therefore, as being as reliable as an estimate

derived from surficial data.
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Lastly, Gori et al. (2007) proposed an estimate of the slip rate for the western fault
ranging from 0.30 to 0.43 mm/yr, which is close to that defined in the present study.
This was determined by considering the differences in elevation between the Early
Pleistocene “Monte Orsa alluvial fan” breccias by Miccadei et al. (1998), located in
the footwall, and the analogous deposits detected along the western border of the
Sulmona basin, i.e. in the fault hanging wall. Since the “long period” slip rate (Early
Pleistocene) produced by Gori et al. (2007) is comparable to that defined in the
present study and related to the Middle Pleistocene and to the Late Pleistocene-
Holocene, a persistence of the western fault segment activity since the Early
Pleistocene with an unvaried slip rate can be hypothesised. This probably indicates

stationary fault kinematic behaviour over a large Quaternary time interval.

6.1.3 Expected magnitude

The maximum expected magnitude of an earthquake that might originate along the
Mt. Morrone fault has been evaluated by applying two of the empirical equations
proposed by Wells and Coppersmith (1994), i.e. the equations that link the moment
magnitude with: 1) the surface rupture length (SRL); and 2) the displacement per
event.

1) We assume that the length of the surficial expression of the fault system is
comparable to the SRL, as the surficial expression indicated results from the
repetition of earthquakes that caused surface faulting.

With this assumption, the SRL defined for the fault system, which is derived from
both geomorphic and structural observations (see previous sub-section), is about 22-
23 km. This represents the total length of the surficial expression of the Mt. Morrone
seismogenic fault, considering that, as indicated in the previous paragraph, the
geometry of the fault branches suggests a connection at depth between the two
parallel fault segments

The maximum expected magnitude of an earthquake that might originate along this
fault is, therefore, 6.6 to 6.7. This is in agreement with that already available in the
literature (Galadini and Galli, 2000).

Although this estimation is a mean value of the uncertainty range related to the
equations proposed by Wells and Coppersmith (1994) — which yields a Mw ranging
between 6.0 and 7.3 — it can be considered as reliable. Indeed, as i) the 1915

“Avezzano earthquake” (Maw 7.0) originated along the 33 km-long Fucino fault
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system (e.g., Galadini and Galli, 1999; Galadini and Messina, 2004) — which is
evidently longer (at the surface) than the Mt. Morrone fault system, as depicted in
this study — and ii) the April 6, 2009 “L’Aquila earthquake” (Mw 6.3) was caused by
the about 10-11 km-long Paganica fault (see this thesis) — that is shorter than the Mt.
Morrone fault system — a reliable moment magnitude of an earthquake that might
originate on the 22-23 km-long Mt. Morrone fault system is in the order of that
defined above, i.e. 6.6-6.7.

2) Considering that the last activation of the Mt. Morrone fault occurred during the
2nd century (Galadini and Galli, 2001; Ceccaroni et al., 2009), and assuming that the
fault did not experience aseismic creep, the total maximum slip rate proposed, which
is between >0.4 +0.07 and <0.8 +£0.09 mm/yr, may provide a displacement per event
of about 0.5 m to 2.0 m. This derives by considering the mean recurrence interval per
central Apennines fault, that ranges from 1400 to 2600 years (Galadini and Galli,
2000).

Hence, by using the above-mentioned empirical equation of Wells and Coppersmith
(1994) and the obtained possible displacement per event,, an earthquake that
originates along the Mt. Morrone fault system would have a magnitude of between
about 6.5 and 6.9.

It is worth noting that, this range of magnitude, that is based on some assumptions
and that, therefore, must be taken with cautions, is nevertheless consistent with
expected magnitude obtained by means of the SRL (i.e., 6.6-6.7). This also implies

that the slip rate range defined in this work can be considered to be reliable.

6.2 The Maiella-Porrara normal fault system
The present study indicates that the active tectonics in the sector W and SW of the

Maiella front can be related to normal faulting.

6.2.1 Kinematic history of the fault system

From a general point of view, basing on the structural data collected along the fault
planes and the geomorphic observations performed along these mountain slopes, the
faults investigated are probably at an early stage of evolution, since they are
characterised by a low amount of vertical offset and very irregular patterns (short en-

echelon segments and sub-parallel splays).
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The evidence of Late Pleistocene-Holocene activity and the location of the faults
investigated suggest that the Palena Fault and the western Porrara Fault represent the
easternmost evidence of active normal faulting in the central Apennines. In short, the
faults mark (or they are very close to) the easternmost boundary of the intra-
Apennine extensional domain.

The absence of basins and intermontane depressions and, especially for the Palena
Fault, the lack of a clear geomorphic signature of recent activity (such as a well
developed and continuous fault scarp) suggest that their Quaternary activity began
more recently than along other central Apennine Quaternary faults.

This evidence supports the view of an Apennine extensional domain propagating
towards the outermost sector of the chain (e.g. Galadini and Messina, 2004; Fubelli
et al., 2009). The recent onset of the activation might indicate that the migration of
the extensional domain is a process that was still active in the Late Quaternary.

The surficial pattern of the Palena Fault and the western Porrara Fault suggests that
inherited syn-orogenic tectonic structures controlled the localisation of the
Quaternary extensional faults. The western Porrara Fault, in fact, strictly follows part
of the southernmost traces of the Messinian-Pliocene(?) Caramanico fault.

The activity of the Caramanico fault has been analysed by Ghisetti and Vezzani
(2002) who described it as an about 40 km long active normal fault with a slip rate of
2.6 mm/yr, evaluated by considering the offset (quantified in 4.2 km) of pre-
Quaternary marine sequences and determined in the last 1.8 M by the fault activity
during the Quaternary. In our opinion, the present activity of the Caramanico fault,
issued by Ghisetti and Vezzani (2002), and their estimate of the slip rate are based on
too speculative elements and it is not supported by thorough geological evidence, i.e.
consisting in the observation of chronologically constrained (related to the Late
Pleistocene-Holocene) sediments and/or landforms displaced along the fault.
Moreover, our observations provided no evidence of Late Quaternary activity along
the Caramanico fault, except for the southernmost sector (coinciding with the
described western Porrara fault segments). Indeed, close to the “Fondo di Maiella”
landslide scarp (Fig. 4.2.2, site 6), few kilometres north of the northern tip of the
Porrara fault, the Caramanico fault scarp is almost continuously sealed by the debris
deposited along the hillside and the slopes display a linear profile, being smoothed
by the exogenous erosional/depositional processes. The fault plane can be

exclusively detected where streams, running perpendicular to the Maiella western
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flank (Fig. 4.4.4, site 6), eroded the scree deposited along the slopes (Fig. 6.2.1).

Fig. 6.2.1 — Western slopes of the Maiella Massif. The so-called “Caramanico fault”
described by Ghisetti and Vezzani (2002) is here exclusively exposed where streams
eroded the scree deposited along the scarp (indicated by the black arrow). Where no
erosional processes have occurred, the fault plane is not exposed and the hillside displays
a linear profile (yellow asterisk).

Our observation is also corroborate by the stratigraphic and structural analyses
performed by Scisciani et al. (2002) who attributed to the Caramanico fault
exclusively a pre-orogenic activity.

Hence, the right-stepping pattern of the western Porrara Fault segments is consistent
with the measured sinistral-oblique normal slip, which suggests the local reactivation
of the pre-existing and no more active Caramanico fault in response to the Late
Quaternary, NNE-SSW direction of the extension.

In turn, the Palena Fault results from the Late Quaternary reactivation (with normal
dip-slip kinematics) of a pre-existing (Pliocene), left-lateral, oblique fault that is
associated with the Maiella thrust and fold emplacement.

The major role played by reactivation of pre-existing faults is also supported by the
fact that the Palena Fault is transverse to the Maiella ridge, and hence its orientation
and localisation were not conditioned by the topography. Furthermore, since the
south-eastern tip of the Palena Fault is located in correspondence to the NNE-SSW
“Ortona-Roccamonfina Line” (Meletti et al., 1988), the propagation of the rupture
towards the SE has probably been inhibited by the presence of this pre-existing
crustal cross-structure, as it has determined a zone of intense deformation that

hindered the southward propagation of the more recent extensional shear structure.
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We suggest, therefore, that the Ortona-Roccamonfina Line may have acted as a
“barrier” to the SE propagation of the Quaternary extensional faulting in this sector
of the central Apennines. Fault intersection with this barrier might also explain the
strike difference (about 50°) between the Palena Fault and the western Porrara Fault,
suggesting that this complex fault pattern may represents the surficial expression of a

deeper active and seismogenic fault.

6.2.2 Slip rate

The collected data have provided information on the minimum offset that affects the
chronologically constrained slope-derived deposits displaced along the Palena Fault.
This has allowed us to define the slip rate of this fault segment.

Indeed, the about 18-m-minimum vertical displacement of the slope-derived debris
dated at 36,300 +1,300 yr BP (Fig. 4.2.2, site 1) defines a minimum slip rate of the
Palena Fault of roughly 0.5 mm/yr.

6.2.3 Maximum expected magnitude

Comparably to the case of Mt. Morrone normal fault system, we assume that the
length of the surficial expression of the fault system is comparable to the SRL, as the
surficial expression indicated results from the repetition of earthquakes that caused
surface faulting.

The SRL of the Maiella-Porrara fault system, defined by means of geomorphic and
structural observations, is of about 16-18 km.

The maximum expected magnitude of an earthquake that might originate along this
fault is, therefore, 6.4 to 6.6 (Wells and Coppersmith, 19994).

This magnitude range is consistent with that estimated for the 1706 earthquake, i.e.
6.6, and it may therefore hypothesised that this seismic event may be related to an
episode of activation of the analysed extensional fault system. Nevertheless, future
studies aiming at verifying this hypothesis are planned.

Moreover, although not useful for a slip rate evaluation, the displacement of about
15 cm of the present soil containing the bronze leaf, however, permitted the
identification of an episode of surface faulting along the Palena fault subsequent to
the Bronze Age, i.e. about 4 ka BP.

Considering that 1) the displaced soil has been detected at the tip of the fault

segment, where the displacement is assumed to be lower than in the central parts of
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the tectonic structure and ii) the April 6 2009 Mw 6.3 seismic event resulted in a
coseismic surface deformation having a maximum downthrown of about 15 cm (as
described in this work), the 15 cm-offset of the soil detected at the tip of the Palena
Fault suggests that a seismic event having a magnitude comparable — or larger — to

that of the April 6 may originate along the Maiella-Porrara fault system.

6.3 The Paganica Fault and the April 6, 2009 “L’Aquila” seismic event

Our field surveys and studies of aerial photographs in the L’Aquila area after the
April 6 seismic event (Mw 6.3) permitted us to identify evidence of coseismic
surface faulting on the Paganica fault, a NW-SE striking and SW dipping Quaternary
normal fault located E of L’ Aquila.

This structure had been mapped by previous studies (Bagnaia et al., 1992, Vezzani
and Ghisetti, 1998; Boncio et al., 2004; Foglio CARG 1:50,000, 2009) but none of
the previous works had documented its latest Pleistocene and Holocene activity.

Our data define three en-echelon segments of the Paganica fault, based on its
surficial expression, each one 3-4 km long. The total length of the structure is about
10 km.

Apart from the obvious association with the April 6 earthquake, recent activity of the
Paganica fault is defined by the displacement of '*C- and U-series-dated Late
Pleistocene-Holocene deposits along the tectonic structure. In particular, a trench
eroded along a ruptured aqueduct exposed several tens of centimetres of offset in
Late Holocene deposits along the Paganica fault, which suggests that the fault has
probably generated stronger earthquakes in the past.

We identified evidence of surface faulting along the Paganica fault due to the April 6
shock including set of continuous aligned ground cracks along the central segment of
the fault; some cracks had both vertical and horizontal offset up to about 15 cm. The
offset of some cracks increased as much as a few centimetres in the days subsequent
to the mainshock. This is probably evidence of a certain amount of afterslip related
to the aftershocks. The presence of ground cracks, although discontinuous and with
no vertical offset along the northern and the southern fault segments suggest that also
these branches of the Paganica fault were probably activated during the April 6
shock.

Furthermore, the presence of discontinuous ground fractures aligned along the E-W

tectonic structures located between the Paganica and Mt. Pettino faults suggests the
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probable activation during the April 6 earthquake of these E-W structural features,
that may represent transfer faults that structurally link the Paganica and Mt. Pettino
faults. These structures, therefore, may be part of the same fault system. The surficial
expression of this fault system may be therefore represented by the Upper Aterno

Valley fault system, as defined by Moro et al. (2002), plus the Paganica fault.

6.4 Evidence of active inverse faulting in the north-eastern sector of the

Calabrian Arc

The wall of the excavation found SE of the village of Mirto, exposed a sequence of

paleo-deltaic sediments, probably of Middle Pleistocene age, deposited in a infra- to

circa-littoral environment and presently located at an elevation of about 15 m a.s.1..

These would indicate that marine sediments deposited at more than 100 m below the

sea level have been uplifted to 15 m a.s.l. onshore in a time span not larger than 780

ka (i.e. the beginning of the Middle Pleistocene). This defines a minimum uplift rate

of about 0.15 mm/yr of the sediments.

Our observations suggest that the uplift of the marine sequence is probably due to

two different tectonic processes: i) the “regional” uplift, affecting the whole

Calabrian Arc (see paragraph 2.2), and ii) the activity of the inverse faults, observed

along the excavation wall, that displaced and raised the paleo-deltaic deposits.

Taking into account that these compressive tectonic structures determined the

displacements of Holocene colluvial sediments, it indicates that inverse faulting has

to be considered as active in this portion of the Calabrian Arc.

Although our studies in this area are still in progress, some preliminary hypothesis

about the “tectonic origin” of such deformation can be performed.

The observed compressive deformation may represent the expression at the surface

of:

1) a secondary back-thrust related to a main compressive tectonic structure verging
towards NE;

2) amain transpressional tectonic structure;

3) a local compressive deformation (restraining bend) related to a main strike-slip
fault.

Taking into account the available literature, the hypotheses at point 2 and 3 are

probably more probable. Indeed, Van Djik et al. (2000) depicted the structural

setting of this portion of the Calabrian Arc by analysing a net of commercial
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seismic reflection profiles. The authors defined the presence of a transpressional
complex structure in the offshore of this part of the Arc. This complex fault system
resulted in a “positive flower structure”, with some fault splays verging landwards
and affecting the Rossano basin area.

The hypothesis at point 2 is also supported by a recent work by Ferranti et al. (2008).
These authors found 1) local-scale, but pervasive undulations in the deformation
profile of marine terraces, attributed to transpressional deformations, and ii)
compressive deformations, NW-SE trending, of Middle and Late Pleistocene
sediments in the offshore of the Sibari plain (i.e. few tens of kilometres north of the
area investigated in the present work) derived from the analysis of industrial seismic
lines.

Hence, the evidence of active inverse faulting described in the present work, may be
the result of this transpressional deformations.

As for the hypothesis at point 3, this might be supported by the observation
performed by Corbi et al. (2009). The authors, indeed, detected kinematics indicators
related to normal, normal oblique, strike slip and, more rarely, inverse sense of
motion along several fault planes affecting the marine and continental sedimentary
sequences of the Rossano plain area. The compressive deformations described in this
thesis may therefore represent a local deformation, i.e. a restraining bend, related to a

main strike slip fault.

7. CONCLUSIONS

This thesis aimed at improving the knowledge about the seismotectonic
characteristics of the central Apennines and north-eastern sector of the Calabrian
Arc. Indeed, we have investigated some of the most problematic sectors in terms of

seismic hazard and seismic potential of the Italian territory.

1) As for the Mt. Morrone case (central Apennines), the stratigraphic,
geomorphological, chronological and structural data reported in the present study
improve our knowledge of the active normal fault system that affects the south-
western slopes of the relief. The importance of research in this area is based on the
fact that the fault is considered to be active, while no historical earthquakes can be

attributed to it. For this reason, the fault is defined as “silent” in the literature. The
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tectonic structure at the surface comprises two parallel, NW-SE trending fault
segments, which represent the expression of a deeper fault that is potentially
responsible for destructive earthquakes.

According to the structural observations reported in the present study, a mainly
normal kinematics with a minor left oblique component, which fits about a N 20°
trending extensional deformation, can be attributed to this fault system.

The displacement of continental units related to the Middle Pleistocene and the Late
Pleistocene-Holocene allowed the definition of a slip rate for the westernmost fault
segment of 0.4 +£0.07 mm/yr. Although conclusive data that can be used to define the
slip rate of the eastern fault branch are lacking, the collected data and a comparison
with similar cases reported in the literature, have allowed us to propose a slip rate for
the eastern segment that ranges between 0 and 0.4+0.07 mm/yr. This thus allows us
to hypothesise a slip rate for the total structure of >0.4 +0.07 and <0.8 +0.09
mm/year.

Finally, by using the empirical relationship proposed by Wells and Coppersmith
(1994) that links the moment magnitude with the surface rupture length and with the
average and maximum displacement per event, we have estimated the expected
magnitude for the roughly 22-23 km long Mt. Morrone fault system as in the order of
6.6 to 6.7. The procedure for establishing the magnitude also supports our estimate
of the slip rate (i.e. >0.4+0.07 — <0.8+0.09 mm/yr).

Considering the 2nd century AD earthquake as a result of the last activation of the
Mt. Morrone fault (Galadini and Galli 2001; Ceccaroni et al., 2009), and that the
recurrence interval of surface faulting for the active faults of the central Apennine is
in the order of 1,000 to 2,000 years, the present elapsed time of about 1,800 years
since the last earthquake defines that there is a high level of probability of an
earthquake occurrence in a time span of that is of social interest.

The results obtained indicate that the activation of this fault might result in a
destructive earthquake in the densely populated sector of the Sulmona plain and the
surrounding areas, in which numerous villages (such as Sulmona, with about 25,000
inhabitants, Pratola Peligna, Popoli and Pacentro), important motorways, monuments

and archaeological relics are located.

2) The investigations performed in the area comprised between the Maiella Massif,

Mt. Morrone and Mt. Porrara (central Apennines), permitted us to identify new
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geological, structural and geomorphological evidence of Late Quaternary faulting at
the southern edge of the Maiella Massif (the Palena Fault) and along the Mt. Porrara
western slopes (the western Porrara Fault), within the epicentral area of the 1706 and
1933 seismic events.

The N110°-120° Palena Fault cuts transversally across the southern Maiella ridge,
with a length of about 7 km and a maximum vertical offset of 200-300 m. The fault-
slip data show nearly pure dip-slip normal movements that are consistent with the
present ca. NNE-SSW extension. Dip-slip slickenlines are superposed on sinistral
oblique slickenlines, suggesting that the Palena Fault represents an inherited
Pliocene syn-orogenic oblique structure that was reactivated as an extensional fault
during the Quaternary. The fault plane in the bedrock generally shows very little
degradation. Radiocarbon dating of colluviated soils and organic matter, interbedded
in the coarse slope debris that was displaced and dragged along the fault, provided
evidence for Late Pleistocene-Holocene activation.

Three right-stepping, en-echelon fault segments form the NNW-SSE oriented
western Porrara Fault. The total length of this fault is ca. 7 km and the kinematic
indicators suggest a prevailing normal movement. Locally, slope-derived deposits
that are probably related to the Last Glacial Maximum (21-18 kyr BP) were found in
tectonic contact with the carbonate bedrock.

Geomorphological evidence suggests a recent onset of activity for these investigated
faults, and supports the hypothesis of an outward propagation of the Late Quaternary
normal faulting. This propagation generally occurred by the reactivation of pre-
existing (Miocene-Pliocene) inherited structures that were suitable to accommodate
the NNE-SSW to NE-SW extension in the upper crustal levels. However, the
available subsurface data indicate that no active normal faulting occurred in areas
further east of that under investigation, i.e., towards the outer zones of the frontal
Apennine chain. With this in mind, we suggest that the NNE-SSW “Ortona-
Roccamonfina Line” represents a pre-existing crustal cross-structure that has acted
as a barrier to the propagation of the Quaternary extensional faulting towards the SE.
Future investigations will be addressed to the definition of the northern prolongation
of the Palena Fault and the western Porrara Fault, i.e. to define the structural
relationships between the active faulting of the Maiella Massif and the already well
investigated Mt. Morrone normal fault. These studies will allow further light to be

casted on the complicated seismogenic matter, particularly with the perspective of
94



defining the causative sources of the earthquakes that have struck the Maiella area
(1706 and 1933). These represent major unsolved issues in studies of the earthquake

potential of central Italy.

3) Field surveys were performed in the area struck by the April 6, 2009 seismic
event, in the aftermath of the earthquake. This permitted the identification of surface
rupturing along the Paganica fault, a Quaternary extensional tectonic structure
located W of L’ Aquila. The gathered data indicate that this fault is about 10 km long,
made of three main fault segments having a dextral en echelon arrangement and
detectable between Colle Enzano (close to the village of Collebrincioni) and San
Gregorio. This fault has been responsible for the displacement of Middle Pleistocene
to Holocene alluvial and slope deposits.

Overall, our observations show to relatively little coseismic surficial movements on
the Paganica fault, which probably was less than a few centimetres. Further evidence
that supports the occurrence of surface faulting on the Paganica fault includes the
rejuvenation of the fault plane, i.e. the free-face observed at the base of the
slickenside, along the northern and central segments of the tectonic structure. It is
worth noting that base on empirical relationships between moment magnitude and
the surface rupture length (Wells and Coppersmith, 1994), the length of the Paganica
fault rupture is consistent (taking into account the uncertainty range proposed by
Wells and Coppersmith) with the reported magnitude (Mw=6.3; Istituto Nazionale di
Geofisica e Vulcanologica, 2009; MedNet,
http://mednet.rm.ingv.it/procedure/events/QRCMT/090406 013322/qrcmt.html).

Our evidence of surface rupture combined with the location and the length of the
Paganica fault is consistent with it being the source of the April 6 earthquake. This
conclusion is also consistent with the results from studies of 1) interferometric SAR
observations (Atzori et al., 2009); 2) the location and geometry of the fault modelled
using the coseismic ground deformation patterns from GPS data (Anzidei et al.,
2009); and 3) seismological data, that is the location and focal mechanism of the
main shock and the aftershock distribution (Istituto Nazionale di Geofisica e
Vulcanologia, 2009; Analisi dati di sismicita, http://www.ingv.it).

Lastly, a comparison between the geometry of the Paganica fault, the intensities
(MCS scale) distribution (Galli and Camassi, 2009; Rapporto sugli effetti del

terremoto aquilano del 6 aprile 2009, http://www.mi.ingv.it/eq/090406/quest.html)
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and the magnitude related i) to the April 6 2009 and ii) to the 1461 (Maw 6.4)
seismic events, suggests that this tectonic structure may have activated during both
the seismic events, the 1461 earthquake being the “ancient analogue” of the April 6
earthquake.

Moreover, i) the evidence found along the Paganica fault of Holocene surface
displacements events larger than that caused by the April 6, 2009 earthquake (e.g.
Cinti et al., 2009) and i1) the presence of coseismic ground ruptures aligned along E-
W fault located between the Paganica and the Mt. Pettino faults, that may represent
transfer fault linking these two tectonic structures, allow to hypothesise that these
two en echelon arranged tectonic structures may represent the expression at surface,
together with further fault branches pertaining to Upper Aterno Valley fault
(Galadini and Galli, 2000), of the same 25-30 km long fault system that may activate
during M 6.6-6.8 seismic event. Considering that Moro et al. (2002) related the
February 2, 1703 earthquakes (Mw 6.6.5) to the Upper Aterno Valley fault system,
we can hypothesise that the Paganica fault activated during this large magnitude

seismic event.

4) The analyses performed along the north-eastern sector of the Calabrian Arc
permitted the identification of sandy (paleo-deltaic) and cleyey marine deposits of
probable Middle Pleistocene age that are presently located at about 15 m a.s.l. These
sediments, together with colluvial deposits that overlay the sequence, are displaced
and bended by fault planes having an inverse sense of motion and verging towards
SW (i.e. landward).

These shear planes can be considered as active, as the latest deposits displaced by
these structural features have been dated to the Holocene (9800 BC-9786 BC/9771
BC-9360 BC — 7568 BC-7559 BC; 7553 BC-7351 BC; calibrated, 26)

Further studies are planned in order to better define the tectonic significance of the
observed tectonic structures. Nevertheless, by the analysis of the available literature,
the most probable hypothesis is that they represent the expression at the surface of a
main transpressional tectonic structure.

If this hypothesis will be verified by future investigations, the contemporaneous
activity of compressive or (transpressional) deformation and the extensional (or
transtensional) deformation (i.e. along the Rossano normal fault) occurs within a belt

large few kilometres. Such structural framework may be related to different
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contemporaneous tectonic processes:

1) the active normal faulting may be related to the presently active uplift of the Arc,
comparably to what has been proposed by several authors (D’Agostino et al.,
2001; Galadini et al., 2003a) for the normal faulting in the central Apennines.

2) the active transpressional faulting may be related to the complex evolution of the
junction zone between the southern Apennines and the Calabrian Arc.

Finally, from a seismotectonic point of view, the observed active inverse faults

probably represent the expression at the surface of a tectonic structure that may be

responsible for seismic events producing surface faulting and, therefore, having

M>5.5-6 (Wells and Coppersmith, 1994). Furthermore, 1) taking into consideration

the magnitude of the 1836 seismic event and ii) by comparing the damage

distribution related to this earthquake with the location of the observed inverse
faults, these structural features may be related to a tectonic structure that is a possible

candidate (together with the Rossano normal fault) as the causative fault of the 1836

event.

97



References

Amodio Morelli L., Bonardi G., Colonna V., Dietrich D., Giunta G., Ippolito F.,
Liguori V., Lorenzoni S., Paglionico A., Perrone V., Piccarreta G., Russo
M., Scandone P., Zanettin-Lorenzoni, Zuppetta E.A. (1976). L'Arco
Calabro-Peloritano nell'orogene Appenninico-Maghrebide. Memorie della
Societa Geologica Italiana 17, 1-60.

Amoruso A., Crescentini L., Scarpa R. (2002). Source parameters of the 1908
Messina Straits, Italy, earthquake from geodetic and seismic data. J.
Geophys. Res. 107, B4, ESE 4, 1-12.

Anzidei M., Boschi E., Cannelli V., Devoti R., Esposito A., Galvani A., Melini
D., Pietrantonio G., Riguzzi F., Sepe V., Serpelloni E. (2009). Coseismic
deformation of the destructive April 6, 2009 L’Aquila earthquake (central
Italy) from GPS data. Geophysical Research Letters 36, L17307,
doi:10.1029/2009GL039145.

Ascione A., Cinque A., Miccadei E., Villani F., Berti C. (2008). The Plio-
Quaternary uplift of the Apennine chain: new data from the analysis of
topography and river valleys in Central Italy. Geomorphology 102, 105-
118.

Asioli A., Trincardi F., Lowe J.J., Ariztegui D., Langone L., Oldfield F. (2001).
Sub-millennial scale climatic oscillations in the Central Adriatic during
the Lateglacial: palacoceanographic implications. Q. Sci. Rev. 20, 1201-
1221.

Atzori S., Hunstad I., Chini M., Salvi S., Tolomei C., Bignami C., Stramondo S.,
Trasatti E., Antonioli A., Boschi E. (2009). Finite fault inversion of
DInSAR coseismic displacement of the 2009 L’Aquila earthquake (central
Italy). Geophysical Research Letters doi:10.1029/2009GL039293.

Bagnaia R., D’Epifanio A., Sylos Labini S. (1992). Aquila and Subequan basins:
an example of Quaternary evolution in central Apennines, Italy.
Quaternaria Nova II 187-209.

Bally A.W., Burbi L., Cooper C., Ghelardoni R. (1989). Foreland basins: an
introduction. In: Allen PA and Homewood P (ed) Foreland basins. Spec
Publ Int Ass Sediment 8, 3-12.

Barchi M., Galadini F., Lavecchia G., Messina P., Michetti AM., Peruzza L.,
Pizzi A., Tondi E., Vittori E. (ed) (2000). Sintesi delle conoscenze sulle

98



faglie attive in Italia Centrale: parametrizzazione ai fini della
caratterizzazione della pericolosita sismica. CNR-Gruppo Nazionale per la
Difesa dai Terremoti - Roma 2000, 62.

Bartole R. (1995). The North Tyrrhenian—Northern Apennines post collisional
system; constraints for a geodynamic model. Terra Nova 7, 7-30.

Bertini T., Bosi C. (1993). La tettonica quaternaria della conca di Fossa
(L’ Aquila). Il Quaternario (Italian Journal of Quaternary Science) 6, 293-
314.

Bigazzi G., Carobene L. (2004). Datazione di un livello cineritico del Pleistocene
medio: relazioni con sedimentazione, sollevamento e terrazzo marini
nell’area Crosia-Calopezzati in Calabria (Italia). Il Quaternario 17 (2/1),
151-163.

Bigi G., Cosentino D., Parotto M., Sartori R., Scandone P. (1990). Structural
model of Italy, sheets 4-6, in Progetto Finalizzato Geodinamica, SELCA,
Florence.

Boncio P., Lavecchia G., Pace B. (2004). Defining a model of 3D seismogenic
sources for seismic hazard assessment applications: the case of central
Apennines (Italy). Journal of Seismology 8/3, 407-425.

Bordoni P., Valensise G. (1998). Deformation of the 125ka marine terrace in
Italy: tectonic implications. In: Stewart, [.S. and Vita Finzi, C. (eds), Late
Quaternary Coastal Tectonics, Geological Society. London, Special
Publications 146, 71-110.

Bosi C. (1975). Osservazioni preliminare su faglie probabilmente attive
nell’ Appennino Centrale. Boll. Soc. Geol It. 94, 827-859.

Bosi C. (1989). Tentativo di correlazione fra le successioni plio-pleistoceniche.
In: “Guida all’escursione sul tema: Elementi di tettonica pliocenico-
quaternaria e indizi di sismicita olocenica nell’Appennino laziale-
abruzzese”. Tip. Esagrafica, Roma.

Bosi C., Bertini T. (1970). La geologia della media valle dell’Aterno. Mem. Soc.
Geol. 1t. 9, 719-777.

Bosi C., Galadini F., Giaccio B., Messina P., Sposato A. (2003). Plio-Quaternary
continental deposits in the Latium-Abruzzi Apennines: the correlation of
geological events across different intermontane basins. I1 Quaternario

(Italian Journal of Quaternary Sciences) 16, 55-76.

99



Bosi C., Messina P. (1992). Ipotesi di correlazione fra le successioni plio-
pleistoceniche nell’Appennino laziale-abruzzese. In: Studi Geologici
Camerti Vol. Spec., 1991/2: 257-263, Camerino.

Bosi V., Funiciello R., Montone P. (1994). Fault inversion: an example in central
Apennines (Italy). Il Quaternario 7(2), 577-588.

Calamita F., Coltorti M., Pieruccini P., Pizzi, A. (1999). Evoluzione strutturale e
morfogenesi plio-quaternaria dell'Appennino umbro-marchigiano tra il
preappennino umbro e la costa adriatica. Boll. Soc. Geol. It. 118, 125-139.

Calamita F., Pizzi A. (1994). Recent and active extensional tectonics in the
southern Umbro-Marche Apennines (Central Italy). Mem. Soc. Geol. It.
48, 541-548.

Calamita F., Pizzi A., Romano A., Roscioni M., Scisciani V., Vecchioni G.
(1995). La tettonica quaternaria nella dorsale appenninica umbro-
marchigiana: una deformazione progressiva non coassiale. Studi Geologici
Camerti 1995/1, 203-223.

Carobene L., 2003. Genesi, eta, sollevamento ed erosione dei terrazzi marini di
crosia-calopezzati (costa ionica della Calabria-Italia). Il Quaternario
(Italian Journal of Quaternary Science) 16(1), 43-89.

Castiglioni G.B., Girardi A., Sauro U., Tessari F. (1979). Grézes litées e falde
detritiche stratificate di origine crionivale. Geografia Fisica e Dinamica
Quaternaria 2, 64-82.

Catalano S., De Guidi G., Monaco C., Tortorici G., Tortorici L. (2008). Active
faulting and seismicity along the Siculo—Calabrian. Rift Zone (Southern
Italy). Tectonophysics 453, 177-192.

Cavinato G.P., Carusi C., Dall’Asta M., Miccadei E., Piacentini T. (2002).
Sedimentary and tectonic evolution of Plio-Pleistocene alluvial and
lacustrine deposits of Fucino Basin (central Italy). Sedimentary Geology
148, 29-59.

Cavinato G.P., De Celles P.G. (1999). Extensional basins in the tectonically
bimodal central Apennines fold-thrust belt, Italy: response to corner flow
above a subducting slab in retrograde motion. Geology 27(10), 955-958.

Cavinato GP., Cosentino D., De Rita D., Funiciello R., Parotto M. (1994).
Tectonic-sedimentary evolution of intrapenninic basins and correlation

with the volcano-tectonic activity in central Italy. Memorie Descrittive

100



Carta Geologica d’Italia 49, 63-76.

Cavinato G.P., Miccadei E. (1995). Sintesi preliminare delle caratteristiche
tettoniche e sedimentarie dei depositi quaternari della Conca di Sulmona
(L’Aquila). Il Quaternario (Italian Journal of Quaternary Sciences) 8(1),
129-141.

Ceccaroni E., Ameri G., Gomez Capera A.A., Galadini F. (2009). The 2nd
century AD earthquake in central Italy: archeoseismological data and
seismological ~ implications. =~ Nat. = Hazards  50:335-359. DOI
10.1007/s11069-009-9343-x

Centamore E., Dramis F., Fubelli G., Molin P., Nisio P. (2003). Elements to
correlate marine and continental sedimentary successions in the context of
the neotectonic evolution of the central Apennines. Il Quaternario (Italian
Journal of Quaternary Sciences) 16, 77-87.

Chiarabba C., De Gori P., Speranza F. (2008). The southern Tyrrhenian
subduction zone: Deep geometry, magmatism and Plio-Pleistocene
evolution. Earth and Planetary Science Letters 268, 408-423.

Chiarini E., Messina P., Papasodaro F. (1997). Evoluzione geologica e tettonica
plio-quaternaria dell'alta valle del F. Salto (Italia centrale). Primi risultati
derivanti dall'analisi delle superfici relitte e dei depositi continentali. Il
Quaternario (Italian Journal of Quaternary Sciences) 10, 625-630.

Childs C., Watterson J., Walsh J.J. (1995). Fault overlap zones within developing
normal fault systems. Journal of the Geological Society of London 152,
535-549.

Childs C., Watterson J., Walsh J.J. (1996). A model for the structure and
development of fault zones. Journal of the Geological Society of London
153, 337-340.

Ciccacci S., D’Alessandro L., Dramis F., Miccadei E. (1999). Geomorphologic
evolution and neotectonics of the Sulmona intramontane basin (Abruzzi
Apennines, central Italy). Z. Geomorph. N. F. 118 (Suppl. Bd), 27-40.

Cifelli F., Mattei M., Hirt A.M., Gunther A. (2004). The origin of tectonic fabrics
in “undeformed’’ clays: The early stages of deformation in extensional
sedimentary basins: Geophysical Research Letters 31, L09064, doi:
10.1029/2004GL019609.

Cifelli F., Mattei M., Rossetti F. (2007). The tectonic evolution of arcuate
101



mountain belts on top of a retreating subduction slab: the example of the
Calabrian Arc. J. Geophys. Res. 112 (B09101),
doi:10.1029/2006JB004848.

Cinti F.R., Civico R., Cucci L., De Martini P.M., Pantosti D., Pierdominici S.,
Pucci S., Brunori C.A. (2009). Looking for surface faulting ancestors of
the L’ Aquila April 6, 2009 event: preliminary paleoseismological data and
seismic hazard implications. GNGTS 28° National congress 2009, 16-19
Novembre, Trieste (Italy), 27-29.

Cipollari P., Cosentino D. (1997). 1l sistema Tirreno-Appennino: segmentazione
litosferica e propagazione del fronte compressivo, Stud. Geol..Camerti
Spec. Vol. 1997/2, 125-134.

Cipollari P., Cosentino D., Gliozzi E. (1999). Extensional- and compressional-
related basins in central Italy during the Messinian Lago-Mare event.
Tectonophysics 315, 163-185.

CNR-PFG (1987). Neotectonic Map of Italy. Quaderni de La Ricerca Scientifica,
114.

Coltorti M., Dramis F. (1988). The significance of stratified slope-waste deposits
in the Quaternary of Umbria-Marche Apennines, Central Italy. Z.
Geomorph. N. F. 71 (Suppl. Bd), 59-70.

Corbi F., Fubelli G., Luca F., Muto F., Pelle T., Robustelli G., Scarciglia F.,
Dramis F. (2009). Vertical movements in the lonian margin of the Sila
Massif (Calabria, Italy). Boll. Soc. Geol. It. 128 (3).

Cosentino D., Cipollari P., Pipponzi G. (2003). Il sistema orogenico
dell’Appennino  centrale: vincoli stratigrafici e cronologia della
migrazione. Studi Geologici Camerti 1, 85-99.

Cosentino D., Gliozzi E. (1988). Considerazioni sulle velocita di sollevamento di
depositi eutirreniani dell’Italia Meridionale e della Sicilia. Mem. Soc.
Geol. It. 41, 653-665.

Cosentino D., Parotto M. (1986). Assetto strutturale dei Monti Lucretili
settentrionali (Sabina): nuovi dati e schema tettonico preliminare. Geol.
Romana 25, 73-90.

Cucci L. (2004). Raised marine terraces in the Northern Calabrian Arc (Southern
Italy): a ~600 kyr-long geological record of regional uplift. Annals of
Geophysics 47(4), 1391-1406.

102



Cucci L., Cinti F.R. (1998). Regional uplift and local tectonic deformation
recorded by the Quaternary marine terraces on the Ionian coast of northern
Calabria (southern Italy). Tectonophysics 292 (1/2), 67-83.

Cucci L., Tertulliani A. (2006). I terrazzi marini nell’area di capo vaticano (arco
calabro): solo un record di sollevamento regionale o anche di
deformazione cosismica?. Il Quaternario (Italian Journal of Quaternary
Science) 19(1), 89-101.

D’Agostino N., Jackson JA., Dramis F., Funiciello R. (2001). Interactions
between mantle upwelling, drainage evolution and active normal faulting:
an example from the central Appennines (Italy). Geophys. J. Int. 147, 475-
479.

Dart C., Cohen HA., Akyiliz HS., Barka A. (1995). Basin-ward migration of rift-
border faults: implications for facies distributions and preservation
potential. Geology 23, 69-72.

De Martini PM., Pantosti D., Palyvos N., Lemeille F., McNeill L., Collier R.
(2004). Slip rates of the Aigion and Eliki faults from uplifted marine
terraces, Corinth Gulf, Greece. C R Geoscience 336, 325-334.

Demangeot J. (1965). Geomorphologie des Abruzzes adriatiques. In: Memorie set
Documents, Editions du Centre National de la Recherche Scientifique,
Paris, 388.

Di Bucci D., Tozzi M. (1991). La linea Ortona-Roccamonfina: Revisione dei dati
esistenti ¢ nuovi contributi per il settore settentrionale (media Valle del
Sangro). Studi Geologici Camerti 1991/2, 397-406.

Di Filippo M., Miccadei E. (1997). Studio gravimetrico della conca di Sulmona. Il
Quaternario 10(2), 489-494.

Di Luzio E., Saroli M., Esposito C., Bianchi-Fasani G., Cavinato G.P., Scarascia-
Mugnozza G. (2004). Influence of structural framework on mountain
slope deformation in the Maiella anticline (Central Apennines, Italy).
Geomorphology 60, 417-432.

Doglioni C. (1995). Geological remarks on the relationships between extension
and convergent geodynamic settings. Tectonophysics 252, 253-267.
Donzelli G. (1969). Studio geologico della Maiella (Permesso “M. Amaro”).—

Rapporto Interno, Montecatini Edison, reprinted by: Universita’ degli

Studi “G. d’Annunzio”, Chieti, 1998.

103



Dramis F. (1983). Morfogenesi di versante nel Pleistocene superiore in Italia: i
depositi detritici stratificati. Geografia Fisica e Dinamica Quaternaria 6,
180-182.

Dumas B., Gueremy P., Hearty P.J., Lhenaff R., Raffy J. (1988). Morphometric
analysis and amino acid geochronology of uplifted shorelines in a tectonic
region near Reggio Calabria, South Italy. Palaeogeography,
Palaeoclimatology, Palaeoecology 68, 273-289.

Dumas B., Raffy J. (2004). Late Pleistocene tectonic activity deduced from
uplifted marine terraces in Calabria, facing the Strait of Messina. Quat.
Nova 8, 79-100.

Emergeo Working Group (2009). Rilievi geologici nell’area epicentrale della
sequenza sismica dell’Aquilano del 6 aprile 2009. Quaderni di Geofisica,
70, ISSN 1590-2595, http://portale.ingv.it/produzione-
scientifica/quaderni-di-geofisica/quaderni-di-geofisica-2009

Emergeo Working Group (2010). Evidence for surface rupture associated with the
Mw 6.3 L'Aquila earthquake sequence of April 2009 (central Italy). Terra
Nova 22, 43-51.

Faccenna C., Becker T.W., Lucente F.P., Jolivet L., Rossetti F. (2001). History of
subduction and back-arc extension in the Central Mediterranean. Geophys.
J. Int. 145, 809-820.

Fairbanks R.G., Mortlock R.A., Chiu T.C., Cao L., Kaplan A., Guilderson T.P.,
Fairbanks TW., Bloom AL., Grootes PM., Nadeau MIJ. (2005).
Radiocarbon calibration curve spanning 0 to 50,000 years BP based on
paired 230Th/234U/238U and 14C dates on pristine corals. Quat. Sc. Rev.
24, 1781-1796.

Ferranti L., Monaco C., Morelli D., Antonioli F., Maschio L. (2008). Holocene
activity of the Scilla Fault, Southern Calabria: Insights from coastal
morphological and structural investigations. Tectonophysics 453, 74-93

Foglio CARG 1:50,000, 2009. Cartografia geologica ufficiale Foglio CARG
1:50,000 N. 359, L’Aquila

Fracassi U., Valensise G. (2007). Unveiling the sources of the catastrophic 1456
multiple earthquake: hints to an unexplored tectonic mechanism in
southern Italy. Bull. Seism. Soc. Am. 97, 725-748.

Freda C., Gaeta M., Karner D.B., Marra F., Renne P.R., Taddeucci J., Scarlato P.,

104



Christensen J., Dallai L. (2006). Eruptive history and petrologic evolution
of the Albano multiple maar (Alban Hills, Central Italy). Bull
Volcanology 68, 567-591.

Fubelli G. (2004). Evoluzione geomorfologica del versante tirrenico (Italia
Centrale). Ph.D. Thesis, Universita degli Studi Roma Tre, Roma (Italy).

Fubelli G., Gori S., Falcucci E., Galadini F., Messina P. (2009). Geomorphic
signature of recent activity versus geological evidence of inactivity: the
cases of the Montagna dei Fiori - Montagna di Campli relief and the
Leonessa basin (central Apennines, Italy). Tectonophysics 476, 252-268.

Galadini F. (1999). Pleistocene changes in the central Apennine fault kinematics:
a key to decipher active tectonics. Tectonics 18, 877-894.

Galadini F., Galli P. (1999). The Holocene paleoearthquakes on the 1915
Avezzano earthquake faults (Central Italy): implications for active
tectonics in Central Apennines. Tectonophysics 308, 143-170.

Galadini F., Galli P. (2000). Active tectonics in the central Apennines (Italy) —
Input data for seismic hazard assessment. Nat Hazards 22, 225-270.
Galadini F., Galli P. (2001). Archeoseismology in Italy: case studies and

implication on long-term seismicity. J. Earthquake Eng. 5, 35-68.

Galadini F., Galli P. (2003). Paleoseismology of silent faults in the central
Apennines (Italy): the Mt. Vettore and Laga Mts. faults. Annals of
Geophysics 46, 815-836.

Galadini F., Galli P. (2007). Inquadramento sismotettonico della regione
interessata dai terremoti del 1703 e 1706. Bullettino della Deputazione di
Storia Patria degli Abruzzi. Settecento abruzzese: eventi sismici,
mutamenti economico-sociali e ricerca storiografica. Atti del convegno
L'Aquila 29-30-31 ottobre 2004, a cura di Raffaele Colapietra, Giacinto
Marinangeli, Paolo Muzi. L'Aquila 2007, 1158 Colacchi (ed).

Galadini F., Galli P., Moro M. (2003b). Paleoseismology of silent faults in the
central Apennines (Italy): the Campo Imperatore fault (Gran Sasso range
fault system). Annals of Geophysics 46, 793-813.

Galadini F., Meletti C., Vittori E. (2001). Major active faults in Italy: available
surficial data. Netherlands Journal of Geosciences/Geologie en Mijnbouw
80 (3-4), 273-296.

Galadini F., Messina P. (1994). Plio-Quaternary tectonics of the Fucino basin and

105



surrounding areas (central Italy). G. Geol. 56,73-99.

Galadini F., Messina P. (2001). Plio-Quaternary changes of normal fault
architecture in the central Apennines (Italy). Geodinamica Acta 14, 321-
344.

Galadini F., Messina P. (2004). Early-Middle Pleistocene eastward migration of
the Abruzzi Apennine (central Italy) extensional domain. J. Geodyn. 37,
57-81.

Galadini F., Messina P., Giaccio B., Sposato A. (2003a). Early uplift history of
the Abruzzi Apennines (central Italy): available geomorphological
constraints. Quat. Int. 101-102, 125-135.

Galli P., Bosi V. (2002). Paleoseismology along the Cittanova fault: Implications
for seismotectonics and earthquake recurrence in Calabria (southern Italy).
Journal of Geophysical Research 107, 1 19.

Galli P., Bosi V. (2003). Catastrophic 1638 earthquakes in Calabria (southern
Italy): New insights from paleoseismological investigation. Journal of
Geophysical Research, 108, no. B1, doi:10.1029/2001JB001713.

Galli P., Bosi V. (2004). Catastrophic 1638 earthquakes in Calabria (southern
Italy): New insights from paleoseismological investigation. J. Geophys.
Res. 108(B1), 2004, doi:10.1029/2001JB001713, 2003.

Galli P., Camassi R. (2009). Rapporto sugli effetti del terremoto aquilano del 6
aprile 2009, http://www.mi.ingv.it/eq/090406/quest.html

Galli P., Galadini F., Calzoni F. (2005). Surface faulting in Norcia (central Italy):
a “paleoseismological perspective”. Tectonophysics 403, 117-130.

Galli P., Galadini F., Pantosti D. (2008). Twenty years of paleoseismology in
Italy. Earth-Science Rev. 88, 8§9-117.

Galli P., Ilardo I., Spina V., Naso G., Salustri Galli C. (2006b). Evidence for late-
Holocene activity of the Rossano fault (Calabria). GNGTS 25° National
Congress, Rome 28-30 November 2006, 30-31.

Galli P., Ruga A., Scionti V., Spadea R. (2006a). Archaeoseismic evidence for a
Late Roman earthquake in the Crotone area (Ionian Calabria, Southern
Italy): Seismotectonic implications. J. Seismol. 10, 443-458.

Galli P., Scionti V. (2006). Two unknown M > 6 historical earthquakes revealed
by palacoseismological and archival researches in eastern Calabria

(southern Italy). Seismotectonic implications. Terra Nova 18, 44-49.

106



Ghisetti F. (1979). Evoluzione neotettonica dei principali sistemi di faglie della
Calabria centrale. Boll. Soc. Geol. It. 98, 387-430.

Ghisetti F. (1980). Caratterizzazione dei blocchi della Calabria meridionale in
base alle velocita di sollevamento nel Plio-Pleistocene: una proposta di
zonazione neotettonica. In: Contributi alla realizzazione della Carta
Neotettonica d’Italia, parte II. CNR-PFG, Sottoprogetto “Neotettonica”,
pubblicazione n. 356 del Progetto Finalizzato Geodinamica 775-809.

Ghisetti F. (1981). Upper-Pleistocene uplift retes as indicators of neotetconic
pattern: an ezample from southern Calabria (Italy). Z. Geomorph. N. F.,
Suppl.-Bd 40, 93-118.

Ghisetti F., Vezzani L. (1999). Depth and modes of Pliocene-Pleistocene crustal
extension of the Apennines (Italy). Terra Nova 11, 67-72.

Ghisetti F., Vezzani L. (2002). Normal faulting, extension and uplift in the outer
thrust belt of the central Apennines (Italy): role of the Caramanico fault.
Basin Res. 14, 225-236.

Giaccio B., Messina P., Sposato A., Voltaggio M., Zanchetta G., Galadini F., Gori
S., Santacroce R. (2009). Tephra layers from Holocene lake sediments of
the Sulmona basin, central Italy: implications for volcanic activity in
Peninsular Italy and tephrostratigraphy in the central Mediterranean area.
Quaternary Science Reviews, DOI:10.1016/j.quascirev.2009.06.009

Giaccio B., Sposato A., Gaeta M., Marra F., Palladino DM., Taddeucci J.,
Barbieri M., Messina P., Rolfo MF. (2007). Mid-distal occurrences of the
Albano Maar pyroclastic deposits and their relevance for reassessing the
eruptive scenarios of the most recent activity at the Colli Albani Volcanic
District, Central Italy. In: F Carraro (ed) Natural Hazards Related to
Recent Geological Processes. Quat. Int. 171-172, 160-178.

Giraudi C. (1992). Segnalazione di scarpate di faglia tardo-pleistoceniche sui
monti della Magnola (Massiccio del Velino-Abruzzo). Il Quaternario
(Italian Journal of Quaternary Sciences) 5, 27-32.

Giraudi C., Frezzotti M. (1997). Late Pleistocene glacial events in the central
Apennines, Italy. Quat. Res. 48, 280-290.

Goes S., Giardini D., Jenny S., Hollenstein C., Kahle H.G., Geiger A. (2004). A
recent reorganization in the south-central Mediterranean. Earth Planet. Sci.

Lett. 226, 335-345.

107



Goldsworthy M., Jackson J. (2000). Active normal fault evolution in Greece
revealed by geomorphology and drainage patterns. Journal of the
Geological Society of London 157, 967-981.

Goldsworthy M., Jackson J. (2001). Migration of activity within normal fault
systems: examples from the Quaternary of mainland Greece. J. Struct.
Geol. 23, 489-506.

Goldsworthy M., Jackson J., Haines J. (2002). The continuity of active fault
systems in Greece. Geophys J. Int. 148, 596-618.

Gori S., Coltorti M., Dramis F., Galadini F., Galli P., Giaccio B., Messina P.,
Pizzi A., Sposato A. (2006). Large-scale gravitational deformations and
quaternary faulting: the case of the south-western side of the Mt. Morrone
(central Apennines, Italy). Poster presentation in: European Geosciences
Union General Assembly, 2-7 April 2006, Vienna, Austria. Doi: EGU06-
A-05955.

Gori S., Dramis F., Galadini F., Messina P. (2007). The use of geomorphological
markers in the footwall of active faults for kinematic evaluation: examples
from the central Apennines. Boll. Soc. Geol. It. 126, 365-374.

Gori S., Galadini F., Galli P., Giaccio B., Messina P., Sposato A., Falcucci E.,
Pizzi A., Dramis F. (2008). Fagliazione normale attiva e deformazioni
gravitative profonde di versante: il caso del versante occidentale del
Monte Morrone (Appennino Centrale, Italia). GNGTS 27° national
congress, 6-8 October 2008, Trieste (Italy)

Guarnieri P. (2006). Plio-Quaternary segmentation of the south Tyrrhenian
forearc basin. Int. J. Earth Sci. (Geol. Rundsch.) 95, 107-118.

Gueguen E., Doglioni C., Fernandez M. (1998). On the post-25 Ma geodynamic
evolution of the western Mediterranean. Tectonophysics 298, 259-269.

Horton B.K., Schmitt J.G. (1998). Development and exhumation of a Neogene
sedimentary basin during extension, east-central Nevada. Geol. Soc. Am.
Bull. 110, 163-172.

Istituto Nazionale di Geofisica ¢ Vulcanologia (2009). http://www.ingv.it

Jackson J. (1999). Fault death: a perspective from actively deforming regions. J.
Struct. Geol. 21, 1003-1010.

Lamarche G., Barnes P.M., Bull J.M. (2006). Faulting and extensional rate over
the last 20,000 years in the offshore Whakatane Graben, New Zealand

108



continental shelf. Tectonics. Doi:10.1029/2005TC001886.

Lavecchia G., Barchi M., Brozzetti F., Menichetti M. (1994). Sismicita e tettonica
nell'area umbro-marchigiana. Boll. Soc. Geol. It. 113, 483-500.

Lavecchia G., de Nardis R. (2009). Seismogenic sources of major earthquakes of
the Maiella and Abruzzo foothill area (central Italy): constraints from
macroseismic field simulations and regional seismotectonic data.
Convegno annuale dei progetti sismologici Convenzione-Quadro tra
Dipartimento della Protezione Civile e Istituto Nazionale di Geofisica e
Vulcanologia Triennio 2007-09, Roma 19-21 Ottobre 2009

Lucente F.P., Chiarabba C., Cimini G.B., Giardini D. (1999). Tomographic
constraints on the geodynamic evolution of the Italian region, J. Geophys.
Res. 104, 20,307-20,327.

Marra F., Karner D.B., Freda C., Gaeta M., Renne P. (2009). Large mafic
eruptions at Alban Hills Volcanic District (central Italy):
Chronostratigraphy, petrography and eruptive behaviour. Journal of
Volcanology and Geothermal Research 179, 217-232.

Martini P.1., Sagri M. (1994). The late Miocene—Pleistocene extensional basins of
the northern Apennines: facies distribution and basin fill architecture.
Mem. Soc. Geol. It. 48, 375-380.

Mattei M., Cipollari P., Cosentino D., Argentieri A., Rossetti F., Speranza F.
(2002). The Miocene tectonic evolution of the Southern Tyrrhenian Sea:
stratigraphy, structural and paleomagnetic data from the on-shore
Amantea basin (Calabrian Arc, Italy). Basin Res. 14, 147-168.

Meletti C., Patacca E., Scandone P. (2000). Construction of a seismotectonic
model: the case of Italy. Pure Appl. Geophys. 157, 11-35.

Meletti C., Patacca E., Scandone P., Figliuolo B. (1988). Il terremoto del 1456 e
la sua interpretazione nel quadro sismotettonico dell’Appennino
meridionale, In: B Figliuolo (ed), Il terremoto del 1456, Osservatorio
Vesuviano, Istituto Italiano di Studi Filosofici, Storia e Scienze della Terra
1, 71-108.

Messina P. (1996). Tettonica mesopleistocenica dei terrazzi nord-orientali del
Fucino (Italia centrale). I1 Quaternario (Italian Journal of Quaternary
Sciences) 9, 293-298.

Miccadei E., Barberi R., Cavinato G.P. (1998). La geologia quaternaria della conca
109



di Sulmona (Abruzzo, Italia centrale). Geol. Romana 34, 59-86.

Miccadei E., Paron P., Piacentini T. (2004). The SW escarpment of Montagna del
Morrone (Abruzzi, Centra Italy): Geomorphology of a fault-generated
mountain front. Geografia Fisica e Dinamica Quaternaria 27, 55-87.

Miccadei E., Piacentini T., Barberi R. (2002). Uplift and local tectonic subsidence
in the evolution of intramontane basins: the example of the Sulmona basin
(central Appennines, Italy). In: Dramis F; Farabollini P, Molin P (ed)
Large-Scale Vertical Movements and Related Gravitational Processes.
International Workshop Camerino-Rome, 21-26 June, 1999. Studi
Geologici Camerti 119-134.

Minelli L. (2009). Deformation processes along the Calabrian compressive
margin. Ph.D. Thesis, XXI ciclo, Dipartimento di Scienze Geologiche,
Universita degli Studi Roma Tre (Rome, Italy).

Miyauchi T., Dai Pra G., Sylos Labini S. (1994). Geochronology of Pleistocene
marine terraces and regional tectonics in the Tyrrhenian coast of South
Calabria, Italy, Il Quaternario (Italian Journal of Quaternary Science) 7
(1), 17-34.

Molin P., Dramis F., Lupia Palmieri E. (2002). The Pliocene-Quaternary uplift of
the Tonian northern Calabria coastal belt between Corigliano Calabro and
Capo Trionto. Studi Geologici Camerti vol. spec. 2002, 135-145.

Molin P., Pazzaglia F., Dramis F. (2004). Geomorphic expression of active
tectonics in a rapidly-deforming forearc, Sila Massif, Calabria, Southern
Italy. Am. J. Sci. 304, 559-589.

Monaco C., Tortorici L. (2000). Active faulting in the Calabrian arc and eastern
Sicily. J. Geodyn. 29, 407-24.

Monaco C., Tortorici L., Nicolich R., Cernobori L., Costa M. (1996). From
collisional to rifted basins: An example from the southern Calabrian arc
(Italy) Tectonophysics 266, 233— 249.

Montuori C., Cimini G.B., Favali P. (2007). Teleseismic tomography of the
southern Tyrrhenian subduction zone: new results from seafloor and land
recordings. J. Geophys. Res. 112. doi:10.1029/2005JB004114.

Moretti A. (2000). Il database delle faglie capaci della Calabria. In: Le Ricerche
del GNDT nel Campo della Pericolosita’ Sismica (1996— 1999), Galadini
F., Meletti C., Rebez A. (eds.), 219-226, Cons. Naz. delle Res., Gruppo

110



Naz. per la Difesa dai Terremoti, Rome.

Moretti A., Guerra 1. (1997). Tettonica dal Messiniano ad oggi in Calabria:
implicazioni sulla geodinamica del sistema Tirreno-Arco Calabro. Boll.
Soc. Geol. It. 116, 125-142.

Moro M., Bosi V., Galadini F., Giaccio B., Messina P., Sposato A. (2002).
Analisi paleosismologiche lungo la faglia del M. Marine (Alta Valle
dell’Aterno): risultati preliminari. Il Quaternario (Italian Journal of
Quaternary Sciences) 15, 259-270.

Mostardini F., Merlini S. (1988). Appennino centro-meridionale. Sezioni
geologiche e proposta di modello strutturale. Mem. Soc. Geol. It. 35, 177-
202.

Narcisi B. (1994). Caratteristiche e possibile provenienza di due livelli piroclastici
nei depositi del Pleistocene superiore della Piana del Fucino (Italia
centrale). Rend. Fis. Acc. Lincei 9, 5/2, 115-123.

Papanikolaou I1.D., Roberts G.P., Michetti A.M. (2005). Fault scarps and
deformation rates in Lazio—Abruzzo, central Italy: comparison between
geological fault slip-rate and GPS data. Tectonophysics 408, 147-176.

Parotto M., Praturlon A. (1975). Geological summary of the central Apennines.
In: Structural model of Italy. CNR, Quad. Ric. Sc. 90, 257-311.

Parotto M., Praturlon A. (2004). The southern Apennine arc. In: Geology of Italy,
Special Volume of the Italy Geological Society for the IGC32. Florence.
Crescenti V., D’Offizi S., Merlino S., Sacchi L. (eds), Roma, 33-58.

Patacca E., Sartori R., Scandone P. (1990). Tyrrhenian basin and apenninic arcs:
kinematic relations since late Tortonian times. Mem. Soc. Geol. It. 45,
425-451.

Patacca E., Scandone P. (2001). Late thrust propagation and sedimentary response
in the thrust-belt-foredeep system of the southern Apennines (Pliocene-
Pleistocene). In: Vai GB, Martini IP (ed), Anatomy of an Orogen: the
Apennines and Adjacent Mediterranean Basins. Kluwer Academic
Publishers, Dordrecht 401-440.

Patacca E., Scandone P., Bellatalla M., Perilli N., Santini U. (1991). La zona di
giunzione tra 1’arco appenninico settentrionale e 1’arco appenninico
meridionale nell’Abruzzo e nel Molise. Studi Geologici Camerti 1991/2

(CROP 11), 417-441.

111



Patacca E., Scandone P., Di Luzio E., Cavinato G.P., Parotto M. (2008).
Structural architecture of the central Apennines: Interpretation of the
CROP 11 seismic profile from the Adriatic coast to the orographic divide.
Tectonics 27, TC3006, 36.

Peacock D.C.P. (2002). Propagation, interaction and linkage in normal fault
systems. Earth-Science Rev. 58, 121-142.

Peacock D.C.P., Sanderson D.J.. (1994). Geometry and development of relay
ramps in normal fault systems. Bulletin of the American Association of
Petroleum Geologists 78, 147- 165.

Peccerillo A. (2005). Plio-Quaternary volcanism in Italy. Springer-Verlag Berlin
Heidelberg, 365, New York.

Petit J.P. (1987). Criteria for the sense of movement on fault surfaces in brittle
rocks. J. Struct. Geol. 9, 597-608.

Piromallo C., Morelli A. (2003). P wave tomography of the mantle under the
Alpine  Mediterranean area. J. Geophys. Res. 108, 2065,
doi:10.1029/2002JB001757.

Pizzi A., Calamita F., Coltorti M., Pieruccini P. (2002). Quaternary normal faults,
intramontane basins and seismicity in the Umbria-Marche-Abruzzi
Apennine Ridge (Italy): contribution of neotectonic analysis to seismic
hazard assessment. Bollettino della Societa Geologica Italiana, Spec. Vol.
1, 923-929.

Radmilli A.M. (1984). Le Svolte di Popoli (Abruzzo). In: Ministero Beni
Culturali e Ambientali-Sovrintendenza Speciale Museo Preistorico
Etnografico “L. Pigorini”, I primi abitanti d’Europa, De Luca, Roma 141-
143.

Roberts G.P., Michetti A.M. (2004). Spatial and temporal variations in growth
rates along active normal fault Systems: an example from the Lazio-
Abruzzo Apennines, central Italy. J. Struct. Geol. 26, 339-376.

Rosenbaum G., Gasparon M., Lucente F.P., Peccerillo A., Miller M.S. (2008).
Kinematics of slab tear faults during subduction segmentation and
implications for Italian magmatism. Tectonics 27, TC2008,
doi:10.1029/2007TC002143, 16 pp.

Rosenbaum G., Lister G.S. (2004). Neogene and Quaternary rollback evolution of

the Tyrrhenian Sea, the Apennines, and the Sicilian Maghrebides.

112



Tectonics 23 (1), TC1013.

Rossi A., Tertulliani A., Vecchi M. (2005). Studio macrosismico del terremoto
dell’Aquilano del 24 giugno 1958. Il Quaternario (Italian Journal of
Quaternary Sciences) 18, 101-112.

Sauro U., Zampieri D. (2004). Evidenze morfologiche di tettonica recente sul
margine orientale della Maiella (Appennino centrale). Il Quaternario
(Italian Journal of Quaternary Science) 17, 3-9.

Scisciani V., Tavarnelli E., Calamita F. (2002). The interaction of extensional and
contractional deformations in the outer zone of the central Apennines,
Italy. J. Struct. Geol. 24, 1647-1658.

Selvaggi G., Chiarabba C. (1995). Seismicity and P-wave velocita image of the
Southern Tyrrhenian subduction zone. Geophys. J. Int. 121, 818-826.

Siani G., Paterne M., Michel E., Sulpizio R., Sbrana A., Arnold M., Haddad G.
(2001). Mediterranenan Sea surface radiocarbon reservoir age changes
since the Last Glacial Maximum. Science 294, 1917-1920.

Stewart I.S., Hancock P.L. (1991). Scales of structural heterogeneity with
neotectonic normal fault zones in the Aegean region. J. Struct. Geol. 13,
191-204.

Stucchi M., Albini P., Mirto C., Rebez A. (2004). Assessing the completeness of
Italian historical earthquake data. Annals of Geophysics 47, 659-673.

Tansi C., Muto, F., Critelli, S., Tovine, G. (2007). Neogene-Quaternary strike-slip
tectonics in the central Calabrian Arc (southern Italy). Journal of
Geodynamics 43, 393-414.

Taylor S.K., Bull J.M., Lamarche G., Barnes P.M. (2004). Normal fault growth
and linkage in the Whakatane Graben, New Zealand during the last 1.3
Myr. J. Geophys. Res. 109. Doi:10.1029/2003JB002412.

Tortorici G., Bianca M., De Guidi G., Monaco C., Tortorici L. (2003). Fault
activity and marine terracing in the Capo Vaticano area (southern
Calabria) during the Middle-Late Quaternary. Quat. Int. 101-102, 269-
278.

Tortorici L., Monaco C., Tansi C., Cocina O. (1995). Recent and active tectonics
in the Calabrian Arc (Southern Italy). Tectonophysics 243, 37—49.

Tozzi C. (2003). Preistoria ¢ Protostoria dell’Abruzzo. Atti della XXXVI

Riunione Scientifica, Firenze 9-27.

113



Valensise G., Pantosti D. (1992). A 125 Kyr-long geological record of seismic
source repeatability: the Messina Straits (southern Italy) and the 1908
earthquake (MS 7 1/2). Terra Nova 4, 472-483.

Valensise G., Pantosti D. (2001). Database of potential source for earthquakes
larger than M 5.5 in Italy, version 2.0. Annals of Geophysics 44, 797-964.

Van Dijk J.P., Bello M., Brancaleoni G.P., Cantarella G., Costa V., Frixa A.,
Golfetto F., Merlini S., Riva M., Torricelli S., Toscano C., Zerilli A.
(2000). A regional structural model for the northern sector of the
Calabrian Arc (southern Italy). Tectonophysics 324, 267-320.

Vannucci G., Pondrelli S., Argnani A., Morelli A., Gasperini P., Boschi E. (2004).
An atlas of Mediterranean seismicity. Annals of Geophysics 47(1), 247-
306.

Vezzani L. (1968). I terreni plio-pleistocenici del basso Crati (Cosenza). Atti
dell’ Accademia Gioenia di Scienze Naturali, Catania, ser. VI, 20, 28-84.

Vezzani L., Casnedi R., Ghisetti F. (1993). Carta Geologica dell'Abruzzo Nord-
Orientale (Scala 1:100000). Selca, Firenze.

Vezzani L., Ghisetti F. (1998). Carta geologica dell'Abruzzo (scala 1:100.000).
Selca, Firenze.

Vittori E., Cavinato G.P., Miccadei E. (1995). Active faulting along the
northeastern edge of the Sulmona basin, central Apennines, Italy. In:
Perspective in paleoseismology, Serva L, Burton Slemmons D, Ass.
Engin. Geol. (special publication) 6, 115-126.

Walsh J.J., Bailey W.R., Childs C., Nicol A., Bonson C.G. (2003). Formation of
segmented normal faults: a 3-D perspective. J. Struct. Geol. 25, 1251-
1262.

Walsh J.J., Watterson J. (1991). Geometric and kinematic coherence and scale
effect in normal fault systems. In: Roberts AM, Yielding G, Freeman
B(ed) The Geometry of Normal Faults. Geological Society London
Special Publication 56, 193-203.

Wells D.L., Coppersmith K.J. (1994). New empirical relationships among
magnitude, rupture length, rupture width, rupture area, and surface
displacement. Bull. Seism. Soc. Am. 84, 974-1002.

Westaway R. (1993). Quaternary uplift of southern Italy. J. Geophys. Res. 98,
21,741-21,772.

114



Working Group CPTI (2004). Catalogo Parametrico dei Terremoti Italiani,
versione 2004 (CPTI04). INGV, Bologna, Italy.
http://emidius.mi.ingv.it/CPTI/ (Last check of the availability: Jan 2009).

Working Group CPTI (2008). Catalogo Parametrico dei Terremoti Italiani,
versione 2004 (CPTI04). INGV, Bologna, Italy.
http://emidius.mi.ingv.it/CPTI/ (Last check of the availability: May 2009).

Wortel M.J.R., Spakman W. (2000). Subduction and Slab Detachment in the
Mediterranean-Carpathian Region. Science 290, 1910-1917.

Acknowledgments

The author warmly thank all the people, friends colleagues and tutors, that
provided irreplaceable help in the field work and most useful discussion on all the

topics of this thesis.

115



	Frontespizio+INDICE
	TESI DOTTORATO FINALE
	Frontespizio+INDICE
	TESI2




