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Information
Abstract

This 2 days-long field trip aims at exploring field evidence of active tectonics, paleoseismology and Quaternary geology in the Fucino and
L’Aquila intermountain basins and adjacent areas, within the inner sector of Central Apennines, characterized by extensional tectonics since
at least 3 Ma. Each basin is the result of repeated strong earthquakes over a geological time interval, where the 1915 and 2009 earthquakes
are only the latest seismic events recorded respectively in the Fucino and L’Aquila areas. Paleoseismic investigations have found clear evi-
dence of several past earthquakes in the Late Quaternary to Holocene period. Active tectonics has strongly imprinted also the long-term
landscape evolution, as clearly shown by numerous geomorphic and stratigraphic features.

Due to the very rich local historical and seismological database, and to the extensive Quaternary tectonics and earthquake geology research
conducted in the last decades by several Italian and international teams, the area visited by this field trip is today one of the best studied
paleoseismological field laboratories in the world. The Fucino and L’Aquila basins preserve excellent exposures of earthquake environmental
effects (mainly surface faulting), their cumulative effect on the landscape, and their interaction with the urban history and environment. This
is therefore a key region for understanding the role played by earthquake environmental effects in the Quaternary evolution of actively de-
forming regions, also as a major contribution to seismic risk mitigation strategies.

Keywords: Quaternary geology, paleoseismology, tectonic terraces, intermountain basin, surface faulting, fault scarp, seismic hazard

Program

The area covered by this field trip is located in Abruzzo (Central Italy), and in particular in the L'Aquila
province. This area can be easily reached by the A24 (Roma-L'Aquila-Teramo) and A25 (Roma-
Pescara) motorways. The area can also be reached by train, stopping at the stations of Avezzano and
Pescina, on the line Roma-Pescara.

The first day of the excursion focuses on the Fucino Basin: after a panoramic view from its western
border (Stop 1.1), the geomorphic and paleoseismic evolution of the northern border will be examined
in detail along the Magnola Fault (Stop 1.2) and along the Cerchio-Pescina-Parasano Fault (Stop 1.3).
The remaining stops will explore in detail the paleoseismic evidence along the eastern border, includ-
ing the evidence of the 1915 coseismic rupture, and in particular along the Serrone Fault (Stop 1.4)
and the San Benedetto-Gioia de’ Marsi Fault (Stops 1.5 and 1.6).

In the second day, we will move to the L’Aquila Basin and Middle Aterno Valley. Specific focus will be
on active tectonics and paleoseismology along the Middle Aterno Valley Fault (Stops 2.1 and 2.2).
Stops 2.3, 2.4 and 2.5 will detail the Quaternary geology of the same area. In the afternoon, we will
move to L'Aquila city center, to ob-
serve the macroseismic effects
caused by the 2009 L'Aquila earth-
quake (Stops 2.6 to Stops 2.11).

Field trip itinerary. Red points refer to Day 1 (Fucino Basin)
while yellow points refer to Day 2 (L’Aquila basin and Middle-
Aterno Valley)
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1. Excursion notes

1.1. Geological and geodynamic framework of Central Apennines
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The Central Apennines are the midmost part of the Apennines chain, a
NW-SE oriented, late Oligocene-Present fold and thrust belt, that
composes the backbone of the Italian peninsula (Fig. 1.1.1).

The Meso-Cenozoic stratigraphical successions cropping out in Central
Apennines developed on the southern Neotethyan passive margin,
where a basin-platform system developed in the area as a conse-
quence of a rifting stage that affected the whole Neotethyan region
during the lower Jurassic. The paleogeography related to the lower Ju-
rassic basin-platform system was persistent until early Tertiary times.

The pre-rifting Triassic rocks, outcropping in Central Apennines belong
to shallow water carbonate platform and euxinic basins paleo-
environments that led to depositions of shallow-marine carbonates,
dolostones and sulfates about 1.5-2 km thick (Bally et al., 1986). The
lower Jurassic tectonic phase related to the Neotethys Jurassic rifting
is evident in the Mesozoic stratigraphic records of Central Apennines
(Cosentino et al., 2010).

Fig.1.1.1- Synthetic tectonic map of Italy and surrounding seas; 1)
Foreland areas; 2) foredeep deposits; 3) domains characterized by a
compressional tectonic regime; 4) Alpine orogen; 5) areas affected
by extensional tectonics: these areas can be considered as a back-
arc basin system developed in response to the eastward roll-back of
the west-directed Apenninic subduction; 6) crystalline basement; 7)
oceanic crust in the Provencal Basin (Miocene in age) and in the Tyr-
rhenian Sea (Plio-Pleistocene in age) and old mesozoic oceanic crust
in the Ionian Basin; 8) Apenninic water divide; 9) main thrusts; 10)
faults. From Scrocca et al., 2003.
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Fig.1.1.2-Structural map of the central Apennines. 1) Plio-Pleistocene ma-
rine and continental deposits; 2) Pleistocene volcanics; 3) buried Pliocene
marine sediments; 4) clastic deposits related to the Messinian/Early Plio-
cene thrust-top basins; 5) Messinian clastic deposits and evaporites; 6)
foredeep siliciclastic deposits of undifferentiated age (Upper Miocene); 7)
Meso-Cenozoic shallow-water limestones; 8) Meso-Cenozoic deep-water
limestones; 9) thrust; 10) undifferentiated fault; 11) isobaths in meters of
the base of the Pliocene deposits. Dotted line indicates the trace of CROP 11
project. Modified from Cosentino et al., 2010.

The shallow-water platform domain was broken-up and new platform-basin
systems developed, being characterized by downthrown sectors dominated by
transitional to deep-water sedimentation, with deposition of limestones, marly
limestones, and marls (Fig. 1.1.2, Gran Sasso Chain, Morrone Mts., Le
Mainarde Mts. and Majella area), and upthrown sectors with shallow-water
carbonate platform deposits (Fig. 1.1.2, Lepini Mts., Ausoni Mts., Aurunci
Mts., Ernici Mts., Simbruini Mts. and Marsica area). The early-medium Creta-
ceous regional paleogeography was quite similar to that of the late Jurassic
and the platform-basin systems led to the deposition of thick shallow- and
deep-water carbonate successions (up to 4-6 km thick, Bally et al., 1986).

In the platform domain, a late Cretaceous-early Miocene hiatus was followed
by deposition of early Miocene paraconformable carbonates, deposited along a
carbonate ramp (Civitelli and Brandano, 2005), while in the deeper domains
sedimentation continued throughout the Paleogene.

During Eocene-Oligocene times a critical scenario developed in the proto-
western Mediterranean area, with the existence of the S-SE-directed Alpine
subduction system (approaching the end of its existence) and the young NW-
dipping Apennine subduction system starting its activity (Doglioni et al.,
' 1998; Carminati et al., 2012), which possibly developed along the retrobelt of
1] B [ 1 BB | the Alpine orogeny (Fig. 1.1.3).
i N\ B | This means that two subduction systems, with nearly opposite polarity, were
y - . - ) . . N present in a relatively narrow area for a short time.
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During the late Miocene, the southern Neotethyan passive margin was in-
volved in the evolution of the Apennines, that accreted the sedimentary cov-
er of the passive margin during the “eastward” roll-back of the NW-dipping
Apennines subduction system (Fig. 1.1.3) (Doglioni, 1991). This was also
confirmed by the interpretation of CROP 11 line (Fig. 1.1.5), a deep seismic
profile across the Central Apennines (Fig. 1.1.2). The Apennines slab roll-
back induced subsidence and boudinage of large portions of the Alps that
have been scattered and dismembered into the Apennines-related backarc
basin: the Provencal and the Thyrrenian (Fig. 1.1.3) (Doglioni et al., 1998).

Within this geodynamical setting, in the Central Apennines tectonically-
controlled sedimentary basins are developed with the deposition of hemi-
pelagic marls in a foreland environment (Carminati et al., 2007), followed by
deposition of turbidites composed of siliciclastic sandstones in a foredeep
setting ahead the propagating deformative front (Patacca and Scandone,
1989; Cipollari and Cosentino, 1991; Patacca et al., 1991; Milli and Mosca-
telli, 2000; Critelli et al., 2007). North-eastward migration of thrust fronts
(Cipollari et al., 1995) developed different tectonic units that brought car-
bonate ridges, oriented NW-SE, onto turbiditic basins (Fig. 1.1.2) (Ricci Luc-
chi, 1986; Boccaletti et al., 1990; Cipollari et al., 1995; Patacca and Scan-
done, 2001; Cosentino et al., 2010).

Across the suite of both extensional and compressive tectonic features, a
space-time rejuvenation of the deformative front, from the western to the
eastern part of the Apennines, is recognizable (Fig. 1.1.6) (Cavinato and De
Celles, 1999; Cipollari et al., 1995).

Fig. 1.1.3 -The early “east”-directed Alpine subduction was followed by the
Apennines “west”-directed subduction, which developed along the
retrobelt of the preexisting Alps. The slab is steeper underneath the Apen-
nines, possibly due to the “westward” drift of the lithosphere relative to
the mantle (From Carminati and Doglioni, 2005).
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Following the kinematics of W-dipping subduction and applying
the westward drift of the lithosphere, the Apennines should float
above a new asthenospheric mantle, which replaced the sub-
ducted lithosphere, causing the uplift of the accretionary wedge
of the Apennines chain (Fig. 1.1.7) (Doglioni, 1991). Nowadays
the Apennines are characterized by a frontal active accretionary
wedge, below the Adriatic sea, whereas the inland elevated ridge
is instead in uplift and extension, controlled by tensional regime
oriented about NE-SW (Fig. 1.1.1) (Doglioni and Flores, 1995).
Throughout the Central Apennines the eastward migrating com-
pression is coeval with extension, coupled with a clear eastward
migration of rifting in the back-arc basin of the Tyrrhenian Sea
(Fig. 1.1.7 and Fig. 1.1.4) (Doglioni and Flores, 1995). This is
generally inferred from the age of the different intra-mountain
sedimentary basins filled by alluvial and lacustrine sediments
(e.g., Fucino, Sulmona and L’Aquila basins), initiated by the ex-
tensional tectonic activity affecting the Central Apennine area
since the late Messinian and still active. Along a transect trans-
verse to the Central Apennine, the onset of these extension-
related basins becomes younger going from the Tyrrhenian to
the Adriatic side of the chain (Cavinato et al., 1994; Cavinato
and De Celles, 1999).

These intra-mountain basins are mainly bordered by NW-SE ori-
ented and SW-dipping normal faults (Fig. 1.1.5) cutting through-
out the crust, generating most of the seismicity in the region
(Cavinato et al., 2002) (e.g., Fucino earthquake, 1915, Mw 7.0;
L’Aquila earthquake, 2009, Mw 6.3). Extensional regime is con-
centrated in the intra-mountain zone whereas compressional re-
gime is confined in the external zone along the buried active de-
colléments of the accretionary wedge (Fig. 1.1.8) (Lavecchia et
al., 1994).

Fig. 1.1.8 - Centroid moment tensor solutions available for the
Central Apennine area. Note the extensional earthquake in the
intra-mountain zone and the compressional earthquake confined
in the external zone. Modified after Cinti et al., 2004.
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1.2. The Fucino Basin
Tectonic setting

The Fucino basin is a typical intermountain normal-fault-bounded structure within the Apennines segmented normal fault system, which ex-
tends from Tuscany south to the Calabrian Arc and represents one of the most seismically active provinces of the Mediterranean region. Ma-
jor normal faults representing nearest segments of this system are the M.Magnola - M.Velino fault to the NW («D» in Fig. 1.2.1; Morewood
and Roberts, 2000) and the Sangro Valley fault to the SE.

Seismic reflection profiles (Mostardini and Merlini, 1988; Cavinato et al., 2002) indicate that the Fucino structure is a half graben controlled
by the master fault along the NE border of the basin (Fig. 1.2.2), i.e. the San Benedetto-Gioia dei Marsi normal fault (Beneo, 1939; «A» in
Fig. 1.2.1) and parallel subsidiary faults (e.g. the Parasano-Cerchio fault; «B» in Fig. 1.2.1). Within this style of faulting, tectonic inversion
(Quaternary normal slip on pre-existing reverse faults) is very well documented, for instance along the SW range front of the Velino Massif
(e.g., Nijman, 1971; Raffy, 1979). Normal faulting appears to have been ongoing during the whole Quaternary and is still active today.

This is documented by (a) displacement and tilting of lacustrine formations and slope deposit sequences, (b) progressive offset of young
sediments along Holocene normal fault scarps revealed by trench investigations and (c) observation of coseismic and paleoseismic surface
faulting events (January 13, 1915, M 7 Avezzano earthquake and related paleoseismic studies; Oddone, 1915; Serva et al.,1988; Galadini
et al.,1995; Michetti et al.,1996; Galadini et al., 1997; Galadini and Galli; 1999; Galli et al., 2012; Figs. 1.2.1, 1.2.3 and Table 1). These
data show that the two major normal fault segments (Celano-San Benedetto-Gioia dei Marsi and M. Magnola-M.Velino faults) are character-
ized by Middle Pleistocene to present slip-rates of 0.5 to 2.0 mm/yr and total Quaternary offset in the order of 2000 m (Cavinato et al.,
2002; Papanikolaou et al., 2005).

Geomorphologic setting

The Fucino Basin (Figs. 1.2.1 and 1.2.3) is the largest tectonic basin of the Abruzzi region. It lies in the middle of the central Apennines sur-
rounded by mountain ranges sometimes higher than 2000 m (Mt. Velino, 2486 m a.s.l.), which are shaped essentially from Meso-Cenozoic
carbonate shelf sediments. The basin is not connected to important rivers. Instead, around it the upper courses of several rivers flow: the
Salto river runs to the NW, the Liri river runs south and then SW, the Sangro runs south and then east (Fig. 1.2.1).

The central part of the hydrologically closed basin, a wide roughly round-shaped plain between about 650 and 700 m high, , during the Late
Glacial and Holocene was occupied by the third largest lake in Italy (ca 150 km?). In the II century A.D. the emperor Claudius prompted the
drainage of Lake Fucino. This was accomplished through the excavation of a 6 km long tunnel mostly in Mesozoic limestone, one of the most
remarkable engineering projects in the Roman history. The final drainage of this area was performed in the second half of the XIX century
by Alessandro Torlonia. In 1875, Lake Fucino disappeared from maps.
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The range fronts bounding the Fucino basin
are fault-controlled. In particular, the Quater-
nary activity of the master normal fault zone
at its NE border generated several flights of
lacustrine terraces. Over the Quaternary,
these were progressively uplifted, tilted and
faulted and younger terraces repeatedly de-
veloped in the down-thrown block. Therefore,
tectonics has left a clear imprint on the sedi-
mentary setting.

In Fig. 1.2.3, the Quaternary terraces group
into three major orders, namely <«upper»,
«intermediate» and «lower terraces», sepa-
rated by prominent fault scarps.

Fig. 1.2.1 - Tectonic map showing the system
of capable normal faults in the Abruzzi Apen-
nines. The distribution of historical seismicity
since 1000 A.D. (Rovida et al., 2011) is also
represented. Note the absence of earth-
quakes in the Fucino area before the 1915
event and compare with paleoseismic data in
Table 1. Legend: A) San Benedetto-Gioia dei
Marsi fault; B) Cerchio-Pescina-Parasano
fault; C) Tre Monti fault; D) Magnola fault; E)
Luco dei Marsi fault; F) Trasacco fault; G)
Ovindoli-Piani di Pezza fault. Numbers locate
paleoseismological sites and are the same of
Table 1.
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Fig. 1.2.2 - Geologic cross section of the Fucino basin interpreted from
seismic reflection profiles (modified after Cavinato et al., 2002). A) and
B) locate respectively the San Benedetto-Gioia dei Marsi and Cerchio-
Pescina-Parasano faults. Modified after Cavinato et al. (2002).

The «upper terraces», include two main terrace surfaces of Late Pliocene
(?) - Early Pleistocene age. The highest one culminates at 1050 m a.s.l.
and represents the top of the most ancient lacustrine cycle, as demon-
strated also by wave-cut terraces in the bedrock. The second one is fault-
ed and reworked by a depositional surface of the Alto di Cacchia unit,
culminating at 950 m a.s.l. (Blumetti et al., 1993; Bosi et al., 1995; Bosi
et al., 2003). Two intersecting NW-SE and SE-NW trending normal faults
border the «upper terraces» and generate fault scarps up to 100 meters
high (Fig. 1.2.3; Raffy, 1981-1982; Blumetti et al., 1993).
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cene terrace surfaces. According to Bosi et al. (1995) and
Messina (1996), the higher one can be divided in three orders
«developed at base levels not very different from each oth-
er». We will consider them as a single terrace culminating at
850-870 m a.s.l. (Fig. 1.2.3).

Fig. 1.2.3 - Geologic map of the Fucino Basin, displaying the
surface faulting associated with the 1915 earthquake. Site is
marked where remains of Equus cf. Altidens were found.
Legend: 1) Historical lake; 2) talus deposits (Late Glacial to
Holocene); 3) alluvial deposits (Holocene); 4) alluvial fan de-
posits (Late Glacial); 5) fluvio-lacustrine deposits (Late Gla-
cial); 6) fluvio-lacustrine deposits (Middle Pleistocene); 7)
fluvio-lacustrine deposits (Late Pliocene?-Lower Pleistocene);
8) breccias (Late Pliocene-Middle Pleistocene); 9) sedimen-
tary bedrock (Meso-Cenozoic); 10) fluvio-lacustrine terrace
edge; 11) trough; 12) V-shaped valley; 13) alluvial fan; 14)
fault scarp; 15) fault scarp within the lower terraces; 16)
Holocene normal fault; 17) 1915 coseismic rupture; 18)

Trace of cross section. Modified after Michetti et al. (1996).
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Slightly entrenched in this terrace, there is a second surface that, in the Giovenco River valley and in the surroundings of Cerchio, is about
800-830 m a.s.l. Both these terraces are limited to the SW by a major fault scarp up to 100 m high.The «lower terraces» constitute the part
of the basin at elevations ranging from 660 m to ca. 720 m a.s.l., where Upper Pleistocene to Holocene lacustrine and fluvio-glacial deposits
crop out. These are both depositional and erosional surfaces (Raffy, 1981-1982; Giraudi, 1988; Blumetti et al., 1993). The central part of
the basin between 649 and 660 m a.s.l. is the bottom of the historic lake.

The following chronological constraints allow estimating the age of the above mentioned lacustrine terrace: the latest Pleistocene to Holo-
cene evolution is very well defined by a wealth of archaeological, radiocarbon and tephrachronological data (Radmilli, 1981; Narcisi, 1993).
The works by Giraudi (1988) and Frezzotti and Giraudi (1992; 1995) provide an extensive review of these data, building up a detailed pale-
oenvironmental reconstruction for this time interval. During this period, the maximum high-stand of the lake is dated ca. 20 to 18 ka BP It
produced a prominent wave-cut terrace, well preserved at several sites along the basin margins (Raffy, 1970; see cross section B-B, Fig.
2.1.5.4, and description in Stop 1.5; trace of cross section in Fig. 1.2.3).

Information on the 20 to 40 ka BP time interval mostly comes from radiocarbon dating of the Majelama fan stratigraphic units. This shows
(1) a fluvial sedimentary environment since ca. 30 ka BP, (2) the formation of a thick paleosoil developed from volcanic parent materials at
33 to 31 ka BP. In the center of the basin, volcanic horizons originating from the Alban Hills district, ca. 40 to 50 ka old, are found 10 to 15
m below the ground surface (Narcisi, 1994). Pollen data show that in the same area the lake sediments deposited during the Eemian period
are ca. 60 to 65 m deep (Magri and Follieri, 1989).

Chronological data before the Late Pleistocene are very poor. The only available age is ca. 540 ka (3*°Ar/4°Ar dating) of for a tephra found
100 m deep in the center of the basin (Fig. 2.1.3.2; Follieri et al., 1991).

The «intermediate terraces» have provided the first Middle Pleistocene mammal remains of the Fucino basin: a fragmentary maxillary bone
with teeth of an equid («Equus cf. Altidens») at the Ponte della Mandra site (830 m a.s.l.; Fig. 2.1.3.2), in a complex alluvial sequence of
the Giovenco valley. This species characterizes the Italian fauna from the end of the Early Pleistocene and is no longer documented during
the Late-Middle Pleistocene. In particular, the biochronological distribution of this equid spans c.a. 1 to 0.45 Ma (latest Villafranchian to lat-
est Galerian, in terms of Mammal Age). This finding definitely confirms the Middle Pleistocene age of the Cerchio-Collarmele-Pescina se-
quence («intermediate terraces» in Fig. 1.2.3).

Regarding the chronology of the «upper terraces», two different interpretations are found in the literature. Bosi et al. (1995; 2003) attribute
the Aielli formation to the Pliocene, based on regional stratigraphic correlations. According to Raffy (1979), the Aielli formation is late Early
Pleistocene in age, based on the amount of volcanic minerals in the Aielli lake deposits and regional geomorphology.

Paleoseismic data

In this section, we summarize the data coming from the many paleoseismic analyses carried out in and around the Fucino Basin. This will
lead to some considerations on the growth of the Fucino tectonic structure by repeated strong earthquakes.

Along the eastern border of the Fucino basin and its NW extension in the Ovindoli and Piano di Pezza area (Salvi and Nardi, 1995; Pantosti
et al., 1996), the Holocene paleoseismology and deformation rates have been investigated at several sites along the traces of the San
Benedetto-Gioia dei Marsi (sites 2, 3, 4, 5, 12 and 17 in Fig. 1.2.1; Michetti et al., 1996; Galadini et al., 1995; Galadini et al., 1997b; Saroli
et al., 2007), Cerchio-Pescina-Parasano (site 1 in Fig. 1.2.1; Galadini et al., 1995; Galadini et al., 1997b) and Ovindoli-Pezza (sites 13, 14
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and 15 in Fig. 1.2.1; Pantosti et al., 1996) faults, as described in Table 1. Recently, paleoseismological investigations on the Magnola fault
(site 16 in Fig. 1.2.1 and Table 1) have testified the reactivation of this fault during the 1915 event.

It is possible to view these paleoseismological results in terms of variation in deformation rates and earthquake recurrence along a single
tectonic structure. For instance, the extension rates vary with distance from the center of the Fucino basin. In fact, as already pointed out,
most of the eastern part of the basin is bounded by two parallel normal faults, the Parasano - Cerchio fault (or Marsicana Fault of Galadini et
al., 1997b) and the San Benedetto-Gioia dei Marsi fault, both reactivated during the 1915 earthquake (Oddone, 1915; Serva et al., 1988;
Galadini et al., 1995) and carrying evidence of Holocene displacement. If the extension rates observed along these two traces using the San
Benedetto trenches (1.0 to 1.6 mm/yr; site 12 in Fig. 1.2.1; Michetti et al., 1996) and the Marsicana trenches (0.4 to 0.5 mm/yr; site 1 in
Fig. 1.2.1; Galadini et al., 1997b) are summed up, the cumulative value near the center of the segment is 1.4 to 2.1 mm/yr for a 45° dip-
ping fault. This is significantly higher than the value at the NW termination of the Fucino structure, i.e along the Magnola fault, that have a
Holocene slip rate of about 0.9 mm/yr, and in the Ovindoli - Piano di Pezza area, where a maximum extension rate of 1.0 to 1.2 mm/yr can
be derived for a 45° dipping fault plane, interpreted as a secondary listric splay of the master fault (Nijman, 1971).

Data in Table 1 also indicate that the variation in extension rates is probably due to a higher frequency of earthquakes per unit time at the
center of the fault system compared to its NW termination. Other capable faults have also been ruptured by Holocene earthquakes in the
Fucino basin. Galadini et al. (1997b) have trenched 2 other faults in addition to the San Benedetto-Gioia dei Marsi and Cerchio-Pescina-
Parasano Faults and, assuming that the faults dip at 45°, the implied rates of horizontal extension

are ca. 0.4 - 0.5 mm/yr across the Trasacco and Luco dei Marsi faults. Therefore, the overall extension rate in the Fucino tectonic structure
during the Holocene might be in the order of 3 to 3.5 mm/yr.

Evolutionary model of the Fucino Basin

The Fucino Basin is a half graben, with the master fault represented by the Celano-San Benedetto-Gioia dei Marsi fault. High continental ter-
races are stranded in the footwall of this normal fault at elevations up to 1050 m a.s.l. Most likely, lacustrine sediments of the same age are
buried below the modern deposits in the hanging-wall of this fault. Seismic reflection data from Cavinato et al. (2002) clearly show that con-
tinental deposits are several hundreds of meters thick toward the master Fault. On the southern and western borders of Fucino Basin we ob-
serve only the main younger terrace (at ca. 720 m a.s.l.), which forms a narrow banquette at the foot of the mountain slopes; instead, the
edges of the ancient Fucino lake before the LGM are not well defined. Since all the available data indicate that the Fucino basin was an en-
doreic, closed depression over the whole Quaternary, very hardly erosional processes could have obliterated any trace of the previous ter-
races. We can conclude that the Fucino Basin extended progressively to the west and to the south following the continuing Quaternary
hanging-wall subsidence of the Celano-San Benedetto-Gioia dei Marsi normal fault. The geomorphic changes observed during the January
13, 1915, earthquake are the last and most spectacular evidence of this long-lasting process.
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Trench Holocene Holocene Vertical Slip-Rate Recurrence Total Vertical Sli
Site Locality Strike Dip Vertical Horizontal (mm/yr) and time- Time and Time Events Paleoearthquake Ages er Event (n':)
Offset (m) Offset (m) window( yr) window (yr) P
Strada Statale 0.4-0.5 4500-5000 1915 AD; 6500-3700 BP; 7300-6100 BP; _
1 Marsicana NW-SE  SW >3 none (last 20000) (20000) 13600-12300 BP; 19100-18500 BP Event 1: 0.8
2 Colle delle Cerese  N50W SW >3 none ((I)aztS;%g(())) 1000-1800 1915 AD; 1100-1500 AD; 7200-6540 BP Event 1: 0.7
3 (ColledelleCerese \\y se  sw 10-15 none 0-35-0.40 1400-2100 1915 AD; 150-1349 AD; 3760 BP-150 AD  Event 1: 0.7
(Cave) (last 4200)
Molini di Venere 0.35-0.40 1915 AD; 1300-1500 AD; 7120-5340 BP; .
4 NW-SE  SW >3 none (last 10000) 1200-1500 (2000) 10400-7120 BP Event 1: 0.7
L ) 800-1000 (3000); 1915 AD; 1200-1400 AD; 2783 BP-1300
5 Casali DAschi v e sw 5 none (.2'515285‘8%) 3300-5500 AD; 4700-2800 BP; 10400-7120 BP; Event 4: 2
(33000) 20000-10000 BP; 32520-20000 BP
Trasacco 0.3-0.4
6 (Fosse 41) N22W  WSW >3 none (last 7000) 1500-1800 (2000) 1915 AD; 1000-1349 AD 0.5; 0.6
Trasacco 0.3-0.4 1915 AD; 1000-1349 AD; 3700-3500 BP; _
7 (Strada 37) NW-SE  SW >3 none (last 7000) 1800 -2000 (7000) 7120-5000 BP;10790-7120 BP Event 1: 0.5
1915 AD; 1000-1349 AD; 3700-3500 BP; Events 1,2,3,4:
8 (;trraasjgcgs) N6OW  SW >3 none (Iaos't3_7c()).(‘)10) 1?38;332())0 7120-5000 BP; 10790-7120 BP (2 0.55; Events
events); >12000 BP 5,6,7: 0.15;
1915 AD; 1000-1349 AD; 3700-3500 BP;
9 (gt:aaS(jaaCiO()) NW-SE  SW >3 none (|gi_70630) 1??363%())0 7000-5000 BP;10790-7120 BP (3 Event 1: 0.1
events); >10790 BP
Luco dei Marsi 0.1;
10 (Strads 42) NW-SE  NE >3 none 0.8 (last 1500) 1000-1800 (1500) 1915 AD; 500-1500 AD 010
Luco dei Marsi 0.1;
11 (Strada 45) NW-SE NE >3 none 0.8 (last 1500) (s.a.a.) 1915 AD; 500-1500 AD 0.15
1o  SanBenedettodel .\ op  sw >3 none 1016 500-800 1915 AD; 885-1349 AD; 550-885 AD 027 €2.0:3;
Marsi (last 2000) >1
13 PlanodiPezza 120 sw 3.5 none  0.7-1.2 (Holocene) ~ 800-3300 (5000) 860-1300 AD; 1900 BC 2-3.4; 1.2-2.5
14 VadodiPezza i35 sw 12-16 none (s.a.a.) (s.a.a.) 860-1300 AD; 1900 BC; 3300-5000 BC 2'3'4;21(')2'2'5;
5.5- 2-3.4;
15 Campo Porcaro N165E w 6.5-11 8.5 (s.a.a.) (s.a.a.) 860-1300 AD; 1900 BC 12-2.5
16 Magnola fault ~ N115E  SW >7 none (Iast0.89000) 1500-5000 (5500) 1915 AD; 508 AD; 45000 BP -508 AD
o WNW- 0.14-0.35 1915 AD? or 1500-1300 BC?; after
17 Cave Santill ese oW >3 NON€  (last 14000-15000) (s.aa) 14000-15000 BP (2 events)

Table 1 - Synopsis of paleoseismological analyses in the Fucino basin and nearby areas (site numbers as in Fig. 1.2.1); data from the ITHA-
CA - Italy Hazards from Capable Faults, available at the webpage http://sqgi.isprambiente.it. Data sources are Michetti et al., 1996; Pantosti
et al., 1996; Galadini et al., 1995; 1997a; 1997b; Galadini and Galli, 1999; Saroli et al., 2008; Galli et al., 2012.
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1.3. The Middle Aterno Valley and L'Aquila city

The 2009 earthquake

On April 6, 2009, a Mw 6.1 earthquake (Chiarabba et al. 2009; Herrmann et al., 2011) struck a densely populated region in the Abruzzi Ap-
ennines and was felt in a wide area of central Italy (Fig. 1.3.1). Due to its location and relatively shallow hypocentral depth (~10 km), the
earthquake caused heavy damage in the town of L'Aquila and surrounding villages.

Soon after the earthquake, the Paganica - San Demetrio Fault System (PSDFS), bounding to the east the Middle Aterno Valley, was inter-
preted as the surface expression of the 6 April 2009 earthquake causative fault, and along its NW sector ~3 km of primary coseismic rup-
tures were observed (Fig. 1.3.2; Falcucci et al., 2009; Boncio et al., 2010; EMERGEO Working Group, 2010; Galli et al., 2010; Lavecchia et
al., 2010; Vittori et al., 2011).
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Geological setting — Middle Aterno Valley

The Middle Aterno Valley is a 18 km-long, 3 to 6 km-wide Quaternary intramontane basin located south-east of the town of L'’Aquila. The

Fluvial unit (SMF)
Middle-Late Pleistocene

basin is characterized by the presence of an ex-
tensive cover of lacustrine and fluvial/alluvial
Quaternary deposits accumulated upon a Meso-
Cenozoic mainly carbonatic bedrock and generally
separated by unconformities and/or juxtaposed
by the several fault splays detectable in the area
(Figs. 1.3.3 and 1.3.4).

Continental deposits overlying the bedrock se-
quence have been investigated by several au-
thors (Bertini and Bosi, 1993; Giaccio et al.,
2012; Pucci et al., 2014) and can be referred to
six main depositional cycles: (1) Early Pleistocene
slope-derived carbonatic breccias (L’Aquila Mega-
breccias and Valle Valiano Fms. - MBR, VVB,
VVC); (2) Early Pleistocene lacustrine and fluvio-
lacustrine sequence (Limi di San Nicandro Fm. -
SNL), composed of whitish silts and clayey silts
with gravel lenses, up to 100 m thick; (3) Early
Pleistocene alluvial sequence (Vall'Orsa Fm. -
VOC), partially heteropic with the Limi di San
Nicandro Fm., and consisting of deltaic carbonatic
conglomerates showing foreset and bottomset
beds (100 m thick); (4) Early-Middle Pleistocene
alluvial fan sequence (Valle Inferno Fm. - VIC),
consisting of well-bedded carbonatic conglomer-
ates showing topset beds, with sparse silty layers
and palaeosoils and (5) Middle-Late Pleistocene
fluvial and alluvial sequence, made of silts, sands
and gravels, interbedded with volcanoclastic lay-
ers (San Mauro Fm. - SMF, SMA). All these de-
posits are covered by (6) Late Pleistocene-
Holocene fluvial/alluvial sediments, mainly relat-
ed to the Aterno River, and by slope debris and
colluvial deposits.
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Conglomeratic alluvial fan (VIC)
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Gilbert fan delta (VOC)
Early Pleistocene -
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Fig. 1.3.3 - Scheme of the stratigraphic relationship of
the Quaternary deposits (modified after Pucci et al.,
2014). Pictures show a selection of the stratigraphic
units and one of the identified unconformities (red ar-
row).
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The 2009 L'Aquila earthquake triggered several
studies aimed at defining the subsurface geome-
try of the Middle Aterno basin (among the oth-
ers: MS-AQ Working Group, 2010; Balasco et
al., 2011; Improta et al., 2012; Santo et al.,
2013).

Balasco et al., (2011) investigated the large-
scale structure of the northeast part of the basin
by means of a ~8 km-long ERT and a magne-
totelluric profile. They suggested the existence
of complex lateral and vertical resistivity chang-
es in the NE sector (between Mt. Bazzano and
Paganica), that can be related to the presence of
a shallow conductive alluvial filling (~200 m-
thick) above a rugged carbonate substratum. In
the same area, Improta et al., (2012) performed
a high-resolution seismic survey over an 8 km
long section. Their tomographic images high-
lighted the presence of a complex topography of
the pre-Quaternary substratum, with a ~350 m
deep depocenter in the Bazzano sub-basin.
Moreover, they evidenced strong lateral hetero-
geneities and steps in the substratum (NE of Mt.
Bazzano), suggesting the presence of buried
synthetic and antithetic fault splays involving
bedrock and basin infill deposits within the Pa-
ganica sub-basin.

Fig. 1.3.4 - Quaternary geology of the Middle
Aterno Valley (modified after Pucci et al., 2014).
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Structural setting - Middle Aterno Valley

Several studies (Galli et al., 2010; Cinti et al., 2011; Giaccio et al., 2012; Blumetti et al., 2013) highlighted that the fault responsible for the
2009 earthquake is only a small segment of the PSDFS, which extends well beyond the Paganica sector and shows different potential rup-
ture length, ranging between 12 and 30 km. Moreover, they pointed out that the PSDFS cumulative scarps have been built up by surface
rupturing earthquakes affecting either its whole length or smaller sections (2009-like). Such outcome indicates a complex behaviour of the
seismic source which may be better described by a variable-slip model (Schwartz and Coppersmith, 1984). More recent works (Pucci et al.,
2014; Civico et al., 2015) highlighted the existence of a complex structural setting of the PSDFS at the surface, characterized by several
parallel fault splays, 1-5 km long, frequently arranged in synthetic and antithetic pairs of variable size, where the net extension is mostly
accommodated by SW-dipping structures. This style is found from the outcrop scale (a few meters) up to the entire basin scale (some km-
scale) and it is therefore said “quasi-fractal” by Civico et al., (2015). The PSDFS comprises: (1) the Paganica sector to the NW, character-
ized by a narrow deformation zone . B i ki A SRR el e i ikl e g
and a small hangingwa” Quaternary ; Z 4+ Continuous coseismic ruptures = NormalFault Pre-Quaternary bedrock

basin; (2) the San Demetrio sector Z v : 4 1 A Discontinuous coseismic ruptures NormalFaultinferred Plio-Pleistocene deposits

to the SE, with a set of kilometer-
spaced splays that exhume and dis-
sect a wider Quaternary basin (Fig
1.3.5). The longest fault segments
are NW-trending, whereas some
minor E- and N-trending faults are
present. These latter faults partly
belong to an older system active
during Early Pleistocene with com-
plex kinematics, whereas the NW-
trending faults mostly activated un-
der the NE-extensional regime still
affecting the chain. Notwithstanding
this internal complexity, Civico et
al., (2015) on the basis of the mor-
phological throw distribution, de-
fined the PSDFS as a ~19 km-long
structure which behaves in the
long-term as a single individual

Holocene deposits
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normal fault. Fig. 1.3.5 - Map of the PSDFS showing its geometrical arrangement at the surface and the extent
and age of outcropping Pre-Quaternary basement, and Plio-Pleistocene and Holocene deposits

(modified after Civico et al.. 2015).
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Geological setting — L’'Aquila city
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L’Aquila is a moderate-sized city (about 70,000 inhabitants), settled in a
tectonic basin delimited by prominent mountain ranges. It was founded at ‘
the half of the XIII century, becoming soon the most important centre of Dmluvialdeposits Lacustrine teoocics B
the area characterized by a large and valuable historic heritage.

The city centre is placed on a flat terraced hill whose schematic geological
setting consists, from the top to the bottom, of Middle Pleistocene 80-100
m-thick calcareous breccias, (“Brecce dell’Aquila” - MBR), which lay onto a
250-270 m-thick homogeneous Early Pleistocene fluvial-lacustrine pelites
and sands, as shown in Figs. 1.3.6 and 1.3.7. In particular, the “Brecce
dell’Aquila” are composed of fine to coarse calcareous fragments of varia-
ble size (mostly of some cm) embedded in sandy or silty matrix, charac-
terized by highly variable cementation degree and mechanical properties
(Monaco et al., 2013), while the fluvial-lacustrine deposits consist of fine-
to medium-grained silts. The latter ones are placed onto the Meso-
Cenozoic carbonate bedrock, whose depth decreases toward the NE, as
testified by deep boreholes,gravimetric and seismic reflection investiga-
tions (Amoroso et al., 2010; Del Monaco et al., 2013; MS-AQ Working
Group, 2010; Tallini et al., 2011). The “Brecce dell’Aquila” thickness de-
creases from about 100 m in the central sector of the historical centre (i.e.
Piazza Duomo) to 0-10 m in the southern slope of L’Aquila hill, where they
are laterally replaced by sands, pelites and calcareous gravels and breccia
layers (Del Monaco et al., 2013). Further, at places, some underground
caves (empty or filled with 1-10 m thick epikarst fine-grained residual
soils named “Terre Rosse”) are present in the “Brecce dell’Aquila” (Del
Monaco et al., 2013).

Unfortunately, the city is located within a highly seismic region (Fig. = :
1.3.8), whose activity is well documented by old historical sources since e

the early XIV century. The first event that was reported to cause damage i\ | W s ‘ 7/ | N \é?%?'{f/ﬁﬁ

in L’Aquila occurred on 1315. Since then, L'Aquila has experienced several 1\\\ AN S = 0 WSt ;‘\\"’J\:’éﬁgs :

NN\ 7 7 A W ST

# Caves 0 m 500 m §
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strong earthquakes. The city, which was heavily destroyed after all these SN ﬂ!/‘f > \:'-5
events, has been restored each time. N2 -2 =) S

Fig 1.3.6 - Geological map of L'Aquila city centre (MS-AQ
WORKING GROUP, 2010).
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Fig 1.3.7 - Schematic geological section across L'Aquila city centre (Monaco et al.,
2013 - modified after MS-AQ WORKING GROUP, 2010), also showing the position of
deep investigations.
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Fig 1.3.8 - Seismic history of L'Aquila, before 2009. (DBMI - Locati et al., 2011). In
table the list of the earthquakes that produced the most severe damage in L'Aquila,
before 2009.
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In particular, the 1461 event is considered, by
historians and city planners, responsible of the
disappearing of the medieval housing in L’Aquila
(Clementi and Piroddi, 1986), while the 1703
earthquake marked the birth of the present urban
plan (Fig. 1.3.9). This event was a major disaster
in the history of L’Aquila and occurred during a
long period of political and economic decline, in
which further minor earthquakes (occurred in
1639, 1646, and 1672) damaged the city. After
the 1703 earthquake a new building planning was
established, in search of “antiseismic” techniques
such as wooden beams to improve the connection
of the walls and connections between roofs and
walls, buttresses and reduction of floor height.

However, the reconstruction of the city was very
difficult and took many years: almost ten years
after the earthquake, less than 15% of buildings
had been rebuilt (De Matteis, 1973).

After the 1915 Avezzano earthquake and in the
period between the two World Wars, the area in-
side the ancient walls was further urbanized, ex-
panding into the open spaces that during ancient
times had been reserved for vegetable gardens,
pastures and cattle fairs.

The present building stock is very variable: build-
ings located downtown are mainly two to four
storeys, built in simple stone masonry (vulnera-
bility class A), sometimes with tie-rod connections
among walls. Massive stones or bricks (vulnera-
bility class B) were used only for some strategic

and important edifices: among them there are
more recent buildings, built during the last centu-
ry, in brick masonry and reinforced concrete (RC)
(vulnerability class C). In the suburban area, re-
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cently developed, most buildings are relatively modern reinforced concrete frame structures with masonry infill (vulnerability class C and D)
(see for details: Tertulliani et al., 2011; 2012).

Fig 1.3.9 - Map of
The 2009 earthquake in L’'Aquila city the distribution of
the damage due to
On 6 April 2009, at 01:32 GMT, a Mw=6.1 earthquake hit L’Aquila with | the 1703 earth-
devastating effects and causing very severe damage also in tens of vil- | quake (modified
lages nearby with a grievous social impact: 309 casualties (2/3 of them | after Colapietra,
in L'Aquila city), 47% of the housing partially damaged, 20% of the | 1978).
housing heavily damaged and more than 40,000 people left homeless.
The impact on religious and monumental heritage was disastrous. The
assessed macroseismic intensity for L’Aquila was 8-9 EMS98. The dam-
age in L’Aquila downtown has been subject of many studies after the
earthquake, because it was the first time in Italy that, after the 1908
Messina-Reggio Calabria earthquake, a city was severely struck by a [partial collapses;large and
seismic event. The macroseismic survey performed soon after the [extensivecracks.
earthquake (Fig. 1.3.10) highlighted that about 70% of the buildings,
mainly represented in classes B and C, suffered substantial to very [lightornodamage .
heavy damage. In particular:
e the most vulnerable buildings (class A) were all damaged; about
50% of them suffered very heavy destruction;
e classes B and C suffered a high rate of severe damage, from large and extensive cracks to partial structure failure in masonry build-
ings and damage to structural elements in RC buildings;
e more than 90% of the monumental buildings suffered damage from severe to total collapse;
The spatial distribution of the damage was quite distinct within the city:
e the heaviest damage were mainly concentrated in the western sector of the city (red circle in Fig. 1.3.10), in particular the 39% of to-
tal collapses were observed in San Pietro a Coppito quarter;
e about 80% of collapses in RC buildings occurred along the south-western border of the historical centre.

collapses and very heavy
damage.

South L'Aquila

Differently from the ancient part of L'Aquila centre (including most of the historical heritage and several old masonry buildings), the south-
ern part (marked with red line in Fig. 1.3.11) features reinforced concrete frame buildings, mostly 5-7 storey high, built between 1950 and
1965. It was mainly dedicated to vegetable gardens and green areas until the end of the XIX century (Stokel, 1981; Centofanti, 1984;
Piroddi et al., 1984; Figs. 1.3.11a and 1.3.11b), except few buildings detected in Via Campo di Fossa since 1753 (Fig. 1.3.11a).

At the end of 1800s, this part of the city acquired building interests (Fig. 1.3.11c) due to the construction of Via XX Settembre to connect
the city to the railway station, and because of the 1915 Avezzano earthquake, after which a parcelling plan was introduced (and never real

22



Quaternary geology and Paleoseismology in the Fucino and L’ Aquila Basins

Amoroso, Bernardini, Blumetti, Civico, Doglioni, Galadini, Galli, Graziani, Guerrieri, Messina, Michetti, Potenza, Pucci, Roberts, Serva, Smedile, Smeraglia, Tertulliani, Tironi, Villani and Vittori

ized) that caused a chaotic construction (Stokel, 1981). During the years the urban expansion continued until the saturation was reached

(Figs. 1.3.11d and 1.3.11e).

EMS scale
damage grade

B

Fig. 1.3.11 - Historical urban maps of L'Aquila city centre (Centofanti, 1984): (a) 1753; (b)
1858; (c) 1931; (d) 1958; (e) 1983.

Fig. 1.3.10 - Distribution of the damage
grades in L'Aquila downtown, after the 6
April 2009 earthquake (Tertulliani et al.,

2011).
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2. Itinerary

DAY 1

STOP 1.1 - Landscape view of the Fucino
Basin from Mt. Salviano and general intro-
duction

STOP 1.2 - Paleoseismology and long-term
activity along the Magnola Fault (Fonte Capo
La Maina, Forme)

STOP 1.3 - Cerchio-Collarmele tectonic ter-
races: long-term activity along the Cerchio-
Pescina Fault

STOP 1.4 - The Serrone fault escarpment
STOP 1.5 - The Venere quarries: surface
faulting of the 1915 earthquake and paleo-

seismic evidence

STOP 1.6 - 1915 coseismic rupture in the
lake sediments and trench logs
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STOP 1.1 - Landscape view of the Fucino Basin from Mt. Salviano and general introduction

\EIEEIEREUIEY

l bt Masnola Tre Monti
SRR s S N Serra di Celano

Gy -
| Eh iy 622

Avezzano

=

[‘.'
Avezzano

Fig. 2.1.1.1 - In the back ground the panoramic view of Mt Magnola, Tre Monti and Serra di Celano fault escarpments. The Majelama “wine
glass valley” is also indicated. The inset drawing locates the “scarplet” (fault scarp) in Late Glacial slope-waste deposits, at the base of the
Tre Monti fault escarpment. In the foreground the city of Avezzano.

From Mt. Salviano, looking north, it is possible to have a panoramic view on the fault escarpment of the Velino - Magnola Massif, with a
spectacular Holocene normal fault scarp at its base. From the Majelama valley, a typical “wine glass valley” (sensu Wallace, 1978) that di-
vides Mt. Magnola from Mt. Velino, the Late-Glacial Majelama alluvial fan gently slopes toward the Fucino basin. The city of Avezzano, part-
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ly built on the edge of the alluvial fan, was totally destroyed on January 13, 1915. Only one building was seen standing after the main
shock; most of the 30,000 casualties due to the earthquake occurred in this town (94,9 % of the population). Looking NE, the Tre Monti
fault escarpment also shows a prominent bedrock fault scarp ("nastrino" or fault ribbon); it is to notice that the SW termination of the Tre
Monti fault cuts the Late Glacial stratified slope deposits, where it shows an about 2 m high fault scarp.

To the east, in the background, are the Quaternary continental terraces uplifted along the Cerchio-Pescina fault. The «upper terraces» in-
clude two main terrace surfaces of Late Pliocene (?) - Early Pleistocene age. The highest one culminates at 1050 m a.s.l. and represents the
top of the most ancient lacustrine cycle, as demonstrated also by wave-cut terraces in the bedrock. The second one is faulted and reworked
by a depositional surface of the Alto di Cacchia unit culminating at 950 m a.s.l.. Two intersecting NW-SE and SE-NW trending normal faults
border the «upper terraces» and generate fault scarps up to 100 m high.

In the middle, the Fucino lake was filling the wide basin until the year 1870. Except for the artificial drainage of the lake in Roman times
first and eventually by Alessandro Torlonia, the Fucino basin was hydrologically closed (endorheic) throughout the whole Quaternary.

STOP 1.2 - Paleoseismology and long-term activity
along the Magnola Fault (Fonte Capo La Maina,
Forme)

The stop allows a panorama view of the Magnola fault (MF,
Figs. 2.1.2.1-3), a prominent westnorthwest-eastsoutheast
normal fault on the southern slopes of the Magnola-Velino
mountain range front. The fault appears to represent the reac-
tivation with reversed sense of slip of a thrust ramp of Late Mi-
ocene age, possibly reflected in the relatively moderate dip an-
gle (30-50°). The MF length is estimated by Galli et al. (2012)
in excess of 13 km, bounded to the west by the northwest-
southeast trending Velino fault, while to the east, despite its
trace disappears rather abruptly, it has a natural continuation
: ot Y PR S . i in the Fucino fault system (the Marsicana Highway Fault of Gal-
P R SR i et al., 2012).

: > 7 e o I Recent studies have confirmed this fault to be capable of major
earthquakes (Galli et al., 2012).

i
ssajD’albe-coronal

Fig. 2.1.2.1 - Panorama of the Magnola range with some key
Googlc EElgll elements indicated. BB Bisegna breccias.

In addition to the latter, key studies documenting the recent activity of the MF are those of Piccardi et al. (1999), Palumbo et al. (2004),

Gori et al. (2007), Schlagenhauf (2010, 2011). The works of Piccardi et al. (1999) and Gori et al. (2007) focus on the major geomorphologi-

cal and stratigraphic features of the fault zone and range front, assessing slip rates respectively of 0.7 mm/a after the Last Glacial Maximum
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(LGM) and 0.54-0.81 mm/a for the last million years. Cosmogenic (3¢Cl) dating of the exposed limestone fault slickenside has evidenced a
number of rejuvenation events after the LGM (5 according to Palumbo et al., 2007, and 9 according to Schlagenhauf et al., 2010, 2011). If
the rejuvenation events in the latter paper were all to be attributed to coseismic slip, then the average recurrence interval would be 1.5 ka,
but largely uneven between events, possibly representing earthquake supercycles. Galli et al. (2012) have recalculated the Holocene vertical
slip-rate, obtaining 0.9 £ 0.1 mm/a. They have inferred an event occurred during the so-called Neoglacial period (started ca. 4.5 ka ago)
before the Roman period, followed by two historical earthquakes, an early Middle Age event documented in most of their trenches in the Fu-
cino basin, which they interpret as the 508 CE earthquake (see discussion in Stop 1.6), and the 1915 event.

Mt. Velino g

Mt. Magnola

Fig. 2.1.2.2 - Panorama of the Magnola range-front fault escarpment. Above: view from west (Stop 1.2 is at the far right edge of the photo-
graph). The Bisegna breccias crop out to the left of Valle Majelama; below: view from Stop 1.2. The Bisegna breccias crop out on the right
side of the photograph.
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Fig. 2.1.2.3 - General aspect of the fault scarp
around the location of the studies cited in the
text (left). Right: detail of the fault slickenside
(looking east from near the trench site).

The fault slickenside can be approached with a
hike of at least 30 minutes and there is not
enough time for it. Standing near the fountain on
the pass, the fault trace is seen marked by a line
separating the denudated slope carved in Meso-
zoic shelf limestone from late Quaternary scree
deposits and Early Pleistocene cemented breccias
(Bisegna Fm.). The presence of Holocene soil de-
veloped on these sediments allows the growth of

vegetation that often marks the fault contact (Fig. 2.1.2.2). Figures 2.1.2.3-4 provide details of the fault scarp, here several meters high

(vertical separation ca. 7 m).
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Fig. 2.1.2.4 - Oblique view looking east and log of the Magnola paleoseismological
trench (after Galli et al., 2012).
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At the stop, the Bisegna breccias (after Bosi
and Messina, 1991; named Brecce Mortadella in
Demangeot, 1965) can be seen on the right
side of the slope (Fig. 2.1.2.2, below). With a
typical light reddish color, they are a rather well
cemented alluvial fan deposit dated at around 1
million year (early Pleistocene). Cropping out
both on the footwall (on the upper flat surface
carved in the limestone bedrock at ca. 1900 m
a.s.l.) and the hangingwall, they represent a
reference marker to estimate the long-term slip
rate of the fault. In origin, they had to slope
several degrees southward, i.e. conformably to
the slope, while they are found now to dip up to
10° counter-slope in the hangingwall. Their
thickness is much higher in the hangingwall, re-
flecting either the natural downward thickening
and the stronger erosion higher in the slope.
Taking all this into account, Galli et al. (2012)
have measured a net vertical offset of 550 m.
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STOP 1.3 - Cerchio-Collarmele tectonic terraces: long-term activity along the Cerchio-Pescina Fault

From this panoramic viewpoint it is possible to observe the landscape of the «intermediate terraces» that culminate with a well preserved
top surface at about 850-870 m a.s.l.. They are mostly carved in the Pescina Formation (Messina, 1996), made up of fluvial gravel, belong-
ing to a river that used the same course of the present Giovenco River. This formation is about 40 meter thick.

Fig. 2.1.3.1 - Oblique view of the Fucino
«intermediate terraces». The trace of the
Equus Altidens 1915 surface faulting is indicated by the red
line and across it the Trench site 1 is indi-
cated (site 1 in Fig. 1.2.1). The site where
remains of Equus Altidens have been found
is also shown.

Pescina

- Collarfele

il : : — From this panoramic viewpoint it is possible
RN B, Ty So : N to observe the landscape of the «intermedi-
P e e i - NSRS ate terraces» that culminate with a well
Lo Selvatte: & ‘ G Yl i e preserved top surface at about 850-870 m
e el e _~ CIe v e a.s.l.. They are mostly carved in the Pescina
Casale Colombaia Formation (Messina, 1996), made up of flu-
S Skl ~ N : vial gravel, belonging to a river that used
the same course of the present Giovenco
River. This formation is about 40 meter
thick.
Slightly entrenched in this terrace, in the
\GOOSIQ earth Giovenco River valley and in the surround-
ing of the villages of Pescina and Cerchio,
there is a terrace that culminates at about 800-830 m a.s.l.. Th|s is also made up of fluwal gravel belonging to a paleo-Giovenco river. In a
reddish paleosoil outcropping inside the Giovenco valley, about at the top of this sequence (at Ponte della Mandra site, 830 m a.s.l.; Fig.
2.1.3.1), it was found a fragmentary maxillary bone with a tooth of an equid. The paleontological determination ascribes this fossil remain to
Equus cf. Altidens. This species characterizes the Italian fauna from the end of the Early Pleistocene and is no longer documented during
the Late-middle Pleistocene. Both these terraces are limited to the SW by a major fault scarp up to 100 m high (Fig. 2.1.3.2), related to the
activity of the Cerchio-Pescina-Parasano fault (B in Fig. 1.2.1).
The correlation of the top surface of these terraces, dated with the Equus cf. Altidens remains back to c.a. 1 Ma to 0.45 Ma, together with
the age of a tephra found at a depth of 100 m in the centre of the basin, dated to ca. 540 ka BP (39%7/40%" age; Follieri et al., 1991) con-
strains the long term slip rate across the section A-A’ of Fig. 2.1.3.2 to 0.3 - 0.6 mm/yr.
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Fig. 2.1.3.2 - Schematic geologic
profile across the Quaternary ter-
races at the NE border of the Fu-
cino Basin (location in Fig. 1.2.3).
The «intermediate» and «lower
terraces» deposits are shown,
whereas the «upper terrace» is
here represented by an erosional
surface with only a thin layer of
deposits. Legend: 1) Holocene
deposits of the Fucino Lake; 2)
Late Pleistocene to Holocene allu-

A9

vial fan deposits; 3). Middle Pleis-

tocene fluvial and lake deposits; 4) Pliocene?- Early Pleistocene? breccias; 5) Meso-Cenozoic pelagic limestone sequence; 6) Dated tephra
layer; SF) Surface faulting occurred during the January 13, 1915 earthquake (modified after Serva et al., 2002).
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that crossed the Cerchio-Pescina fault (site 1 in Fig. 1.2.1
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ta shown in Fig. 2.1.3.3 (Galadini and Galli, 1999).

Two fault planes, at a distance of about 35 m, were ob-
served affecting Late Pleistocene-Holocene deposits up to
the level of the ploughed soil (Fig. 2.1.3.3).

According to Galadini and Galli (1999), the trench stratig-
raphy revealed at least four displacement events (Table
1); the latest, occurred after 2500 B.C., was most likely
the 1915 event; it had a vertical offset of about 1 m.

Volcanic sand (calcareous sand in the upper part) with large biotite

Fig. 2.1.3.3 - Geological cross-sections of the gas pipeline
trench at site 1 (southern wall). Section (b) is located 35
m to the west of section (a). Small stars indicate the
event horizons; the triangle represents the sampling site
for radiocarbon dating; unit 1 is a colluvium that buries an
archaeological settlement close to this area, dated back to
2500 B.C. (after Galadini and Galli, 1999).
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STOP 1.4 - The Serrone fault escarpment

Overview: The Filippone Hotel is located at the base of the Serrone Mt. normal fault scarp (Fig. 2.1.4.1). We have the opportunity to have
a close-up view of a landscape feature that is nearly identical to the Magnola, Velino and Tre Monti fault scarps observed during the previous
stops. From the swimming pool it is possible to see one of the most spectacular fault planes belonging to the San Benedetto-Gioia dei Marsi
fault. This bedrock fault mirror is thought to have been reactivated during the 1915 earthquake, according to eye-witnesses. Therefore, the
geomorphic characters of the Serrone Mt. fault scarp can be used as a model for understanding the evolution of similar landforms through-
out the Apennines, which appear to be controlled by the repeated occurrence of strong recent earthquakes.

Sample site

Fig. 2.1.4.1 Panoramic view of the southwestern flank of the Mt. serrone fault escarpment. The Holocene fault scarp is visible about half-way
up the slope. This scarp was likely reactivated during the 1915 earthquake.

The Serrone Fault scarp is close to the SE fault tip of the fault that controls the NE border of the Fucino Lake Basin (Fig. 2.1.4.2). Compared
to the centre of the fault we expect a relatively-low value for total throw, along-strike thinning of the basin-fill sediments, a reduction of the
relief across the fault escarpment, low values of slip per earthquake and oblique-slip kinematics.

Total Throw and basin fill: The total throw across the fault is defined by geological cross-sections showing the offset of the base of the
Miocene strata. The total throw is 250-300m (Roberts and Michetti, 2004), compared to a throw of 1600 m ~3km NW of San Benedetto dei
Marsi near the centre of the fault (Fig. 2.1.4.2 from Cavinato et al., 2002). This difference reveals the displacement gradient along strike.
Basin-filling lacustrine and alluvial sediments, dating from Pliocene and Pleistocene that thicken towards the fault in a classic half-graben
geometry, decrease in thickness along strike from ~900 m where the throw is 1600 m to 100-200 m at Gioia dei Marsi (Cavinato et al.,
2002).

31



Quaternary geology and Paleoseismology in the Fucino and L’ Aquila Basins
Amoroso, Bernardini, Blumetti, Civico, Doglioni, Galadini, Galli, Graziani, Guerrieri, Messina, Michetti, Potenza, Pucci, Roberts, Serva, Smedile, Smeraglia, Tertulliani, Tironi, Villani and Vittori

Expected slip per event: The fault length is 35 km in length (modified from Roberts and Michetti 2004 and Faure Walker et al., 2010). Us-
ing empirical relationships in Wells and Coppersmith (1994) we expect ~1.5 m maximum slip at the centre of the fault, but only ~0.2 m slip
at the site chosen for 3¢Cl dating because we are within a few kilometres of the SE fault tip.

Kinematics: The slip vector across the fault plunges at 54° towards 222°, so the faulting is almost pure dip-slip with a small right-lateral
component, as expected from the location near to the SE fault tip (Roberts and Michetti 2004).

oA /T LTI Fig. 2.1.4.2 - Map and cross-section along Line 3 showing the geometry
Slip of the basin-bounding fault on the NE side of the Fucino Lake Basin

Vector (modified, from Cavinato et al., 2002). Slip-vectors on the fault are

from Roberts and Michetti (2004). Sample site is SE of Gioia dei Marsi.

Geomorphology: The fault displays the classic geomorphology of up-

_-:lk per slope, free-face and lower slope revealed by LiDAR data (Fig.
NN uma) b 2.1.4.3 and 2.1.4.4). This morphology forms when a preserved last gla-
N . . . .

VR | cial maximum (LGM) landscape is offset by Holocene surface slip across

51- an active normal fault. During the LGM, faulting uplifted the bedrock

limestone in metre-scale faulting events. The cold climate (-12°C Mean
temperature of the coldest month; Allen et al. 1999) promoted free-
thaw action and high erosion rates that outpaced scarp growth through
faulting. The emerging scarp was eroded, so no cumulative scarp could
form. Sediments accumulated as scree sheets on the down-faulted
hangingwall. The result was a smoothed landscape with continuous
slopes across the active normal faults. When temperatures increased
after the demise of the LGM (0 to 4°C Mean temperature of the coldest
: month; Allen et al. 1999), erosion rates decreased. This allowed a cu-
| deposits

\ 5 \ (2] Plo-Pleistocene % mulative scarp to accumulate through surface faulting. On the nearby
o T R . I\ - o . Magnola Fault, study of pitting of fault surfaces and upper slope versus
[

: il

Y
7

GIOIA
—DEIMARSI

= U. Pleistocene- Holocene

s 2km - {l RS £:7] Neogene Flysch deposits
e e : 1: i wicﬁmﬂg@w; fault plane angles imply Holocene erosion rates perpendicular to slopes
\ ; of 0.001 mm/yr with LGM erosion rates of 0.2-0.4 mm/yr (Tucker et al.
WSW ENE 2011). The timing of the demise of the LGM is 12-18 ka, defined by a
500 ““T ”"f‘ i‘“"ef |,  Number of climate proxies, most notably the change in dominance of

i : coniferous to deciduous pollen in lake sediments (Allen et al. 1999).
Thus, the change in climate provides a time marker for the faulting. The
free-face formed in 12-18 kyrs.

32



Quaternary geology and Paleoseismology in the Fucino and L’Aquila Basins
Amoroso, Bernardini, Blumetti, Civico, Doglioni, Galadini, Galli, Graziani, Guerrieri, Messina, Michetti, Potenza, Pucci, Roberts, Serva, Smedile, Smeraglia, Tertulliani, Tironi, Villani and Vittori

392750 : 393250 333500 383750 Fig. 2.1.4.3 - Hillshade of the Serrone Scarp from ter-

. 7 E A A restrial LIDAR data. The site chosen for 36Cl dating is
indicated in green. Insets show kinematic data from
structural mapping.

4600, Slip vector variation along strike
= Sample Site | [

1 LFr
4500 Y aipe s

- s,
Filipone e

Hotel ; LiDAR data set and detailed geomorphology of the
’

) #I0 3500 3600 3700 3800 Chosen 36C| Site:

' A tripod-based LiDAR data set has been processed to
remove vegetation and to produce a hillshade map and
scarp profiles (Figs. 2.1.4.3 and 2.1.4.4). The scarp
profiles are used to define the throw and slip after the
LGM and define the dip values for the upper-slope, low-
er-slope and free-face. These values are needed to
- model the 3%Cl data.

We emphasise that geomorphology of the scarp differs
along strike, so site selection is essential to exclude
mass-wasting as a fault plane exhumation process.
Along the NW portion of the Serrone Scarp (Fig.
2.1.4.3), the lower slope has been modified by Holo-
cene mass wasting to produce deeply-incised debris-
flow channels cut into the formerly-planar lower slope.

. Along the SE portion of the Serrone Scarp (Fig.
2.1.4.3), the lower slope is less-modified by incised debris-flow channels. In places the hangingwall cut-off at the time of the demise of the
LGM is preserved. This hangingwall cut-off formed when sedimentation rates decreased as the climate warmed during the demise of the last
glacial maximum (LGM), and the slope was offset by the first post LGM surface faulting event. The hangingwall cut-off is horizontal and con-
tinuous for tens of metres along strike where we have sampled for 3¢Cl. The hangingwall cut-off must be preserved in this way at sites
where 3°Cl dating is conducted otherwise part of the exhumation will be due to mass wasting and not slip in earthquakes.

Gioia dei Marsi slip vectors
gathered from ~300 m along strike

4644250
f

Slip vectors Fault Planes

Where the fault scarp has not been modified by Holocene mass wasting (SE portion), we have chosen a site to date with 3¢Cl. The upper
slope, which is cut into bedrock limestone, is relatively smooth and planar, dipping towards the basin at 39-40° (Fig. 2.1.4.4). The lower
slope, formed of breccia/conglomerate colluvium derived from the upper slope (scree), is also very smooth and planar, dipping at 37-38°
towards the basin. The similarity in dip between these slopes cut on different materials suggests they were formerly the same slope in the
LGM that has become offset by surface fault slip. The free-face is a carbonate fault plane that is formed in indurated carbonate fault gouge
that is 20-30 cm thick. The free-face slickenside is corrugated on a decimetre scale and over tens of metres, and is covered in millimetre-
scale frictional-wear striae. The frictional wear striae plunge parallel to the crests of corrugations defining the slip vector. The free-face is
almost free of erosion, with millimetres scale frictional wear striae preserved for the lowermost ~5 metres (measured in the plane of the
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fault). We have sampled this fault plane for 3¢Cl (Fig. 2.1.4.5). However, the upper ~10 metres of the fault plane (measured in the plane of
the fault) have been eroded by a few decimetres to a few metres (termed the degraded free face; see Fig. 2.1.4.4). We have not sampled
this for 3¢Cl. This erosion has also removed the lowest portion of the upper slope (termed degraded upper slope). Thus, this erosion has re-
moved the footwall cut-off, but we are able to reconstruct it by projecting the un-eroded free-face upwards and the un-eroded upper slope
downwards until they intersect. This line of intersection, the footwall cut-off, is horizontal for tens of metres along strike. A Holocene <1m
thick colluvial wedge exists, but we have been able to project the lower slope beneath this to define the ground surface at the time of the
demise of the last glacial maximum (hangingwall cut-off; Fig. 2.1.4.4).

0 Fig. 2.1.4.4 - Scarp profile of the Serrone Scarp from
Full profile GPR Data o~ terrestrial LiIDAR data, showing the classic geomorphol-
from LIDAR ‘5\99.?"" : ogy of upper slope, free-face and lower slope developed

F during the transition from cold to warmer climate across
5 the demise of the Last Glacial Maximum (LGM). GPR da-
ta show the geometry of strata in the sub-surface, con-
firmed by exhumation of a trench.
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Ground Penetrating Radar (GPR) and shallow
trench excavation: To check that the lower slope has
not been modified by mass-wasting or formation of
channels before Ilater re-surfacing we collected a
15 ground-penetrating radar dataset and dug a shallow
trench (1.95 m deep, measured in the plane of the
fault; Fig. 2.1.4.4). The GPR achieved penetration of at
least 5 metres through the hangingwall sediment. The
data reveal reflectors that parallel the present-day
ground surface. In the trench excavation we found ~10
cm of organic rich soil (probably Holocene) before enter-
ing light-coloured, indurated scree deposits that are free of organic material (probably LGM sediments). Layering in this LGM colluvium par-
allels the present-day ground surface, confirming the findings from GPR, and that the LGM lower slope(s) had similar dips to the upper slope
cut into bedrock limestones. We interpret the layers to be former ground surfaces that became progressively offset by faulting during the
LGM. This confirms we have correctly identified the hangingwall cut-off at the top of the LGM sediments, and that the site has not been dis-
turbed by mass-wasting or formation of channels before later re-surfacing. We determine the density of the colluvial wedge as this also in-
fluences 3°Cl accumulation in the subsurface portion of the fault plane.

-10

(w) uonersg

295.50

| Position (m)

Throw after the Last Glacial Maximum and Throw-rate: The throw measured between the footwall cut-off and the hangingwall cut-off,
measured in the vertical plane defined by the slip-vector, is continuous for tens of metres along strike and is 15.5 £ 1 metre. This implies
20.9 - 18.4 metres slip in the plane of the fault since the demise of the last glacial maximum. If we assume the age of the slopes is be-
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tween 12 and 18 ka, the known age of the demise of the LGM from climate data (Allen et al. 1999; 15 £3 ka), the implied throw-rate is
1.06 £0.3 mm/yr and the slip-rate is 1.35 £0.4 mm/yr.

36CIl approach: We have sampled the lowermost 5 m
of the free-face, plus the 1.95 m of fault plane ex-
posed in the trench (all measured in the plane of the
fault). We collected a continuous sample in 5 cm sec-
tions, and have analysed a subset of the samples col-
lected. We have 56 determinations of 36Cl concentra-
tion (Fig. 2.2.4.6a), with supporting elemental anal-
yses with ICPMS and ICPOES, plus blanks and spiked
samples. The surface samples will have accumulated
36Cl since exhumation above the ground by surface
slip, and during their residence in the sub-surface.
Thus, the rate of exhumation of the uppermost free-
face that is now eroded and not amenable to sampling
must be factored in to calculate the accumulation of
36Cl in the 56 samples whilst they were in the sub-
surface. We do this by including exhumation by fault-
ing for the full extent of the free-face in the modelling,
rather than specifying a so-called “pre-exposure” val-
ue. Our approach is possible because the scarp profile
from LiDAR, with the reconstructed footwall and hang-
ingwall cut-offs of the LGM slope (Fig. 2.1.4.5), de-
fines the offset and the time-averaged rate of faulting B ;
since 12-18 ka. We can iterate the actual rate of _ ' R
faulting to model the 56 samples using the age of the | F9: 2'152"5 - (a) free-face and (b) trench alon
LGM slope (12-18 ka) as extra information that would  Site for °Cl dating.

not be available if the entire extent of the free-face was not considered. This approach is similar to that termed ‘seismic pre-exposure’ by
Schlagenhauf et al., (2010).

)

g the Serrone scarp showing the .

R,

, oA

36Cl data and expected resolution of time versus slip: Concentrations of 3¢Cl increase from ~0.5 x 10° atoms/gram in the trench to ~2
x 10° atoms/gram measured 5 metres above the hangingwall cut-off of the LGM slope. Error bars associated with accelerator mass spec-
trometry are £ ~0.1 x 10> atoms per gram. Thus, although we have rock samples from between the heights of our 56 analyses, we have
not analysed these because analytical error bars would not allow further resolution of details of the height versus 3°Cl concentration profile.
Furthermore, we have calculated a hypothetical 3°Cl profile from a hypothetical time versus slip dataset that includes slip magnitudes of <50
cm. We have found that it is not possible to recover < 50 cm slip events with certainty - that we know are in the input slip versus time data
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using model fitting unless samples spaced <~ 5 cm are analysed. However, as described above, analytical uncertainty shows that no in-
crease in resolution can be achieved if samples spaced this closely are analysed. We conclude that it will be challenging to recover individual
earthquakes like the 0.2 m slip events expected at our 3°Cl site. Instead, we have concentrated on resolving slip-rate variation through time.

36Cl interpretation: We modelled the data (black points in Fig. 2.1.4.6) using
the code of Schlagenhauf et al., (2010) with the site geometry parameters
(fault dip, upper and lower/hangingwall slope dips, total scarp height) obtained
from our LiDAR survey of this site. The red dashed lines on Fig. 2.1.4.6 show
the expected variation of 36Cl as a function of height up the fault plane at this
site if the fault has been slipping at a constant Holocene rate based on 15 + 3
ka as the beginning of the Holocene. Clearly, the fault has not been slipping at
a constant rate. Recent slip has been rapid, exhuming low 3¢Cl concentrations
above the hangingwall cut-off.

To fit a model to the data we have used an optimisation approach that seeks
to minimise misfit between measured and modelled 3°Cl concentrations
through multiple model runs. Two model runs are shown (blue and green cir-
cles) in which the recent slip rate on the fault has been higher than the Holo-
cene average rate since ~1500 years ago. Although both of these models fit
the data better than a model that assumes a Holocene-averaged rate, the
lowest RMS is obtained when we include a long elapsed time since significant
slip accumulated at this site (800 + 200 years ago; green circles in Fig. 10).
Note that in the 1915 Fucino earthquake surface slip at this site was most like-
ly much smaller (or even zero slip) compared to our sampling and thus is not
resolved. The period of rapid slip that we infer from the 3¢Cl data at this site
would coincide with the timing of the earthquake of 801 A.D., which produced
strong shaking in Rome, and an additional event between 1000 A.D. and 1349
A.D. that was inferred from trenching (see Michetti et al., 1996 for discussion
of these events). This is the first time that cosmogenic dating of a bedrock
fault scarp has been explicitly linked to paleoseismic trench results along strike
along the same fault.

Height on fault scarp (h

Trench o
samples| %

10— = 10

LiDAR profile across
Holocene scarp

Constant Holocene throw

rate (1£0.2mm/yr)

Variable slip rate Telap = 100 yrs
Variable slip rate Telap = 800+200 yrs

1565 m

Height on fault scarp (h

o — ~ 0

Trench
samples | 4587

(b)
5l 1 1 1 1 L 1 | 5L L L 1 1 L 1 L L |
04 06 08 1 12 14 16 18 2 22 04 06 08 1 12 14 16 18 2 22
36Cl (at.g-1) x10° 36CI (at.g-1) x10°
2- —-
2000 = —a
— Variable slip rate Telap = 100 yrs /1 1800 1 RMS=19.87 -
Variable slip rate Telap = 800+200 yrs / 1600 E ' e
] (=3
= 1400 S =5
20g 30
1000 & = Trench §
&
so0 5 8 -1— samples o
600 5 Lo
400 £ 9|
(c) 200 % (d)
0 T -
16000 14000 12000 10000 8000 6000 4000 2000 O Lowest RMS=10.03
Time (years) L | | |
04 06 1.2

08 1

Fig. 2.1.4.6 - 3°Cl results for the Serrone Scarp. (a) Da-
ta; (b) interpretation; (c) time versus slip.The best fit to
the data shows a pulse of rapid slip that coincides with
palaeo-earthquakes identified in trenches along strike
(see Michetti et al., 1996). (d) close-up of (b)

Conclusions from this site and implications: It is possible to use 3°Cl concentrations to resolve a history of fault slip despite concerns
that climate changes and mass wasting might dominate exhumation of samples. However, we strongly-emphasise that this is only possible
where the site is chosen very carefully to exclude mass wasting and to resolve exhumation purely through fault slip. We also emphasise that
the geometry of the scarp and knowledge of age of the climate change that formed the geometry of the scarp (15 * 3 ka) gives extra con-
straints that allow modelling to include so-called seismic pre-exposure rather than simple pre-exposure. Although we doubt that individual
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earthquakes can be resolved, we are able to test whether the slip-rate was constant through time. Our results show a phase of rapid slip
that corresponds with the timing of palaeoearthquakes resolved in traditional palaeoseismic trenches a few kilometres along strike to the
NW and the historical record. The rapid slip indicates that earthquake recurrence may be strongly clustered in time. Temporal clustering
must be included in calculations that attempt to define earthquake probabilities that combine mean recurrence intervals, elapsed time since
the last earthquake, and clock-advance produced by Coulomb stress transfer.

STOP 1.5 - The Venere quarries: surface faulting of the 1915 earthquake and paleoseismic evidence

""E;ﬁ’:gﬁtﬁfcngf‘feologicalSite Fig. 2.1.5.1 - Panoramic view of the Venere quarries
/ ¥ 5 nowadays. Red line shows the trace of the 1915 surface
OlSERIS Derese faulting along the San Benedetto-Gioia dei Marsi fault.

Yellow stars locate pictures. Yellow lines indicate the
trace of the geological profiles in Figs. 2.1.5.3 and
2.1.5.4.

Colle Truscino

@‘V’ e ; The stop focuses on the surface faulting of the 1915 Fu-
Cave Santil @z;hg Za ig.2.15. /s B g ] v cino earthquake along the San Benedetto-Gioia dei Marsi
(st7rting point) N g B fault section (Figs. 2.1.5.1 and 2.1.5.2) and on the post-
. ; LateGIap,‘a; ; . . . .
. talus depc::igolocene j LGM evolution of this sector of the Fucino basin.
i *

We follow a 500 m long segment of the 1915 fault, start-
ing from Cave Santilli, at km 13.1 of SS Marsicana (start-
ing point; Fig. 2.1.5.2) up to a point where the fault re-
activation was observed by eye-witnesses (Fig. 2.1.5.5).
The quarry excavation allows a 3D observation of the ge-
ologic and geomorphic features that are the effect of re-
peated Late Quaternary coseismic surface faulting
events.

Particularly, one of the quarry walls (location in Fig.
2.1.5.1) exposes a limestone wave cut terrace (Fig.
2.1.5.3 left; WT in Figs. 2.1.5.3 right) buried by the Late
Glacial and Holocene talus. Both the wave-cut terrace

a— o N and the overlying debris are affected by a fault scarp

several metres high. Just upon this erosional surface,
LGM fan delta deposits were observed in other ancient quarries, some hundred meters to the east, near San Veneziano Village (Fig. 2.1.5.4
left), constraining the age of the lake abrasion platform to about 20 ka. Its present position indicates that it was uplifted of several metres
along the San Benedetto-Gioia dei Marsi fault section (Radmilli, 1956; 1981; Raffy, 1970; Giraudi, 1995).
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Fig. 2.1.5.2 - Exposure in the Cave Santilli of the San Benedetto-Gioia dei Marsi fault ruptured in 1915. Left: picture taken in the '‘80s in the
northern part of the present Cave Santilli (location in Fig 2.1.5.1). Right: exposure of the fault inside the quarry and detail of faulted debris.

A\ Y

AA
<

)
A
2

2

Fig. 2.1.5.3 - Left: Exposure of the lime-
stone wave-cut terrace in the Cave San-
tilli quarry. Right: Geological profile
showing a bedrock wave-cut terrace as-
sociated to the LGM high-stand of the
Fucino lake, displaced several times dur-
ing the Holocene (after Blumetti et al.,
1993). The 1915 offset was 50 to 100
cm. Legend: 1) Holocene talus with a
level containing Neolithic pottery; 2)
Late Glacial stratified slope-waste depos-
it; 3) bedrock; WT) Wave-cut terrace;
SF) Surface faulting. The profile trace is
shown as C-C’ in Figs. 1.2.3 and 2.1.5.1.
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Fig. 2.1.5.4 - Left: fan delta
deposits affected by a listric
normal fault, antithetic to
the Fucino master fault, in
an ancient quarry located
some hundred meters east
of Cave Santilli, near San
Veneziano. Based on this
and other exposures in the
surrounding of San Venezi-
ano Village (near Gioia dei
Marsi), the cross section
was drawn showing the
“lower terraces” (modified, after Blumetti et al., 1993; see location in Figs. 1.2.3 and 2.1.5.1). It
shows several listric normal faults, defining a little graben parallel to the slope, ca. 20 m wide and
more than 100 m long, with an overall down-throw of a few metres. Legend: 1) Lacustrine sedi-
ments; 2) Fan delta deposits; 3) Late Glacial to Holocene talus; 4) bedrock; WT) Wave-cut ter-
race; SF) Surface faulting.
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Some Paleolithic sites are located in the caves at the inner edge of the wave-cut terrace, at the
base of the bedrock cliff, e.g., the Riparo di Venere site (Radmilli, 1956), few hundreds of meters
north of Cave Santilli (Fig. 2.1.5.1). The latter shows LGM high-stand lakeshore gravel deposits covered by fire places with charcoal and
other archaeological remains dated at 19 to 12 ka BP. The caves and the wave-cut terrace are presently buried by the Late Glacial and Hol-
ocene talus. Both the wave-cut terrace and the overlying debris are affected by a fault scarp several metres high, locally subdivided into
subsidiary segments. This scarp was clearly reactivated also during the 1915 earthquake with an average displacement of 50-100 cm.

Inside the ancient quarries of San Veneziano, it was possible to detect several listric normal faults, defining a little graben parallel to the
slope, c. 20 m wide and more than 100 m long, with an overall down-faulting of a few metres (Fig. 2.1.5.4). These faults do not displace the
present-day soil. In fact, the structure is truncated by an erosion surface that levels the top of the alluvial sequence. Instead, a few metres
downslope, the same erosion surface is affected by some fault scarps that produce a series of topographically depressed and uplifted belts,
always running parallel to the slope. They have a maximum height of a few metres, a length of a few hundreds of meters and width of a few
tens of metres, and were formed prior to the 1915 earthquake.

We leave Cave Santilli following the fault scarp to ESE. Another exposure of recent faulted deposits is preserved on the wall of an old quarry
(Fig. 2.1.5.5). Here, a stratigraphic log was described by Saroli et al., 2008 (Fig. 2.1.5.5), allowing to identify at least three displacement
events occurred after 14-15 ka BP.

39



Quaternary geology and Paleoseismology in the Fucino and L’ Aquila Basins
Amoroso, Bernardini, Blumetti, Civico, Doglioni, Galadini, Galli, Graziani, Guerrieri, Messina, Michetti, Potenza, Pucci, Roberts, Serva, Smedile, Smeraglia, Tertulliani, Tironi, Villani and Vittori

Fig. 2.1.5.5 - Recent faulted deposits on the wall of an inactive quarry. The stratigraphic log is described in Saroli et al. (2008). It shows a
pit-fire containing fragments of Eneolithic and Bronze Age pottery shards (3000-1500 B.C.) inside unit 2 (just below the present soil, unit
1). The characteristics of Unit 3 gravels indicate deposition along the shoreline, while unit 4 (gravels in sandy matrix) is interpreted as a col-
luvial wedge deposited from a coseismic scarp. Finally, unit 5 represents the result of the re-organisation of alluvial gravel along the lacus-
trine shoreline.

-
About 150 m towards east, the limestone |
fault plane is very well exposed at the edge
of an abandoned vineyard. Here, two eye-
witnesses of the 1915 earthquake (Fig.
2.1.5.6) reported that here the coseismic
offset was about 70 cm.

Fig. 2.1.5.6 - Left: The 1915 coseismic slip
was observed by two eye-witnesses (Alfon-
so Di Salvatore and Antonio De Angelis)
here with Leonello Serva (Serva et al.,
1986). Right: The same outcrop 30 years
later. The ageing is clearly visible on Leo-
nello’s hair.
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STOP 1.6 — 1915 coseismic rupture in the lake sediments and trench logs

West of San Benedetto and Venere dei Marsi, Oddone (1915) observed a ground rupture, directed toward the northern edge of the Fucino
basin, dislocating the recent lake sediments with an offset of 30 to 90 cm (Oddone, 1915). The images in Fig. 2.1.6.1 (from Oddone’s pa-
per) indicate a complex scarp, similar to those commonly observed in ruptures involving soft sediments; actually, it must be recalled that
the lake bed had been definitely reclaimed only a few decades before the earthquake (1875) and the water table is still very close to the
surface, especially in winter.

Fig. 2.1.6.1. Reproduction of the original photographs in the paper of Oddone (1915).

Despite the intensive farming activities since then, a subdued scarp was still evident in the '90s (Fig. 2.1.6.2). After nearly 20 more years,
the scarp is now almost vanished, but the fault can still be discerned and actually seen in vertical excavations, even very shallow as the wa-
ter ditches bordering the farmed fields cutting across orthogonally to it. A clear example is shown in this stop, located between the 1996
trenches of Michetti et al. (1996) and those of Galadini and Galli near Venere (summary in Galadini and Galli, 1999).

The first two paleoseismological trenches in the Fucino basin were dug across this scarp in 1996 (Michetti et al., 1996), just in the south-
western outskirts of San Benedetto (location in Fig. 2.1.6.6), soon followed by a humber of trenches across different fault segments by
Galadini and Galli (1999) (trenches near Venere dei Marsi in Fig. 2.1.6.6).
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o B G ol R Nel| Fig- 2.1.6.2. Scarp of the 1915 coseismic rupture in southern

outskirts of San Benedetto dei Marsi, where the paleoseismo-
logical trenches of Michetti et al., (1996) were excavated (loca-
tion and log in Fig. 2.1.6.6).

i

Fig. 2.1.6.3 - The 1915 rupture at Stop 1.6 (see Fig. 2.1.6.4 for close-up view)

The planned stop is located close to the trench site # 4 in Galadini and Galli (1999)
and less than 2 kilometers from the trenches of Michetti et al. (1996) (Figs. 2.1.6.3
and 2.1.6.4). From the parking lot, a short walk takes to one of shallow ditches cut-
ting across the fault (Fig. 2.1.6.3) where, on its western face, the fault can be clear-
ly seen cutting the most recent lake sediments (Fig. 2.1.6.4).

The exposed section is ca. 90 cm high and shows, below the ploughed level, light
grey-blue lacustrine clayey silts (early Holocene; right side in Fig. 2.1.6.4) faulted
against grey silts, and sandy gravels rich of Roman pottery shards. The latter are
mantled by light-grey silt deposited during the last high-standing levels of the Fu-
cino Lake (Middle Age-19th century). Beside the 1915 event, this section likely rec-
ords the previous 508 AD earthquake.

The schematic logs in Fig. 2.1.6.6 give evidence of historical faulting events compa-
rable to the 1915 earthquake, without being able to precisely constraining their oc-
currence time, because of the large uncertainties in radiocarbon ages.

Fig. 2.1.6.4 - Close-up view of the fault rupture at Stop 1.6.
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Based on stratigraphic and archaeological evidence, Michetti et al. (1996) have inferred two events since the VI century, i.e. after the ob-
struction of the Emperor Claudius’ drainage system, likely for lack of maintenance, and the lake return to flood the area. An event (B) is
constrained between 550 and 885 CE, possibly referable to the 801 or 847 earthquakes that caused damages in Rome (Galli and Molin,
2014). A more recent event (A) might have occurred afterwards, still in the Middle Age but before the 1349 earthquake, because since then
the historical seismic catalogue is deemed complete for events of such a magnitude. Instead, Galadini and Galli (1999) infer only one penul-
timate event in historical times occurred between the II and XV centuries (only in their trench # 5 the age is better constrained at 426-782
CE). They attribute this event to the 508 earthquake strongly felt in Rome, responsible of significant damages to the Colosseum (Galli and
Molin, 2014). In sum- - A Parasais R _ Fo

mary, leaving aside the ) : !

more obscure event A
of Michetti et al.,
(1996), the paleoseis-
mological evidence
points to a post-Roman
earthquake compara-
ble to the 1915 one,
most likely correspond- : N
ing to the 508 or 801 - ; W

: &Trenchi3.GG
847 events, which = ¢ > _ Trench 4 GG& S
have left historical and EEEESSes = -

S
5

archaeological traces
of partial collapses in : : - S,
Rome. Actually, the \ PR S + 4 Sto&lﬁ
801 and 847 events : . =l 0
are excluded by B . -
Galadini and Galli
(1999) because tenta-
tively attributed to
other capable faults
(L’Aquila basin, Aquae
Juliae Fault near Ve-
nafro), as summarized
in Galli and Molin
(2014).

Fig. 2.1.6.5 - Panorama view of the 1915 ruptures between San Benedetto and Gioia. There is no general consensus regarding the rupture
along the Parasano fault. M96: trenches of Michetti et al., (1996), GG: trenches described in Galadini and Galli (1999).
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6, gravel; 7, peaty silt; 8 peat; 9, lacustrine shell; 10, pottery and other artifacts; 11, bones; 12, fault
zone; 13, fault; 14 fracture; 15, unconformity; 16, 14C sample; A and B, paleoseismic events.
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Fig. 2.1.6.6 - Location of Stop 1.6 and trench logs across the 1915 rupture in the San Benedetto-Venere dei Marsi area (M96 Michetti et al.,
1996; GG Galadini and Galli, 1999).
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DAY 2
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Part 1 (morning)

STOP 2.1 - Panoramic view of the Middle Aterno Valley from San
Martino d'Ocre village.

STOP 2.2 - Quaternary composite fault scarps and paleoseismo-
logical investigations.

42°200°N
1

STOP 2.3 - Outcrop of Early Pleistocene lacustrine silts (San
Nicandro Fm.) close to Poggio Picenze village.

STOP 2.4 - Outcrop of Early Pleistocene conglomerates (Vall’Orsa
Fm.) close to Poggio Picenze village.

42°180'N
1

STOP 2.5 - Panoramic view of the Valle dell'Inferno, close to Bar-
isciano village.
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L

Part 2 (afternoon)
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STOP 2.6 - South
L'Aquila

STOP 2.7 - L'Aquila, Piazza
Duomo

T T T T T
13°24'0'E 13°260'E 13°280°E 13°300°E 13°320°E 13°340'E 13°360°E

Field trip stops in the Middle Aterno Valley. The black box enclos-
es the area covered by Part 2 of the field trip (afternoon) inside
L’Aquila city.

STOP 2.8 - L'Aquila, Piazza Palazzo
STOP 2.9 - L'Aquila, Via San Bernardino

STOP 2.10 - L'Aquila, Palazzo Ardinghelli

Field trip stops in L’Aquila city.
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STOP 2.1 - Panoramic view

o
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Fig. 2.2.1.1 - Panoramic view of the Middle Aterno Valley from San Martino d’Ocre. From NW (to the left) to SE (to the right) the main vil-
lages close to L'Aquila town (Bazzano, Paganica, Poggio Picenze, San Demetrio Ne’ Vestini and Barisciano) are clearly visible. The Gran
Sasso range (with its main peaks) is in the background.

The main topographic highs bounding the valley to the north and to the south correspond to some major Quaternary normal fault scarps
belonging to the Paganica - San Demetrio Fault System (PSDFS). In the Paganica sector, it is possible to see the cumulative fault scarp of
the 2009 L'Aquila earthquake source and the sites where continuous (red dots) and discontinuous (yellow dots) surface coseismc surface
breaks were observed. In the San Demetio sector another Quaternary cumulative fault scarp is visible (Stop 2.2).

The valley is filled with a complex sequence of continental deposits. Among the the oldest sediments, Early Pleistocene lacustrine silts
(Stop 2.3) and fan-delta conglomerates (Stop 2.4) are found. The south-eastern part of the basin was progressively exhumed and dis-
sected by the long-term activity and footwall uplift of the PSDFS.
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STOP 2.2 - Quaternary composite fault scarps and paleoseismological investigations

760BC - 24708C
N

&\

Fig. 2.2.2.1 - a) close-up view of a ca. 25 m-high composite fault scarps close to the San Demetrio Ne’ Vestini Village. The fault displac-
es Early-Middle Pleistocene alluvial fan deposits (VIC), Middle-Late Pleistocene alluvial sediments (SMA) and, in the fault zone, Holocene
colluvial deposits; the red stripe shows the location of the paleoseismological trench dug by A.M. Blumetti et al.; b and c) view and pre-
liminary stratigraphic sketch of the fault zone exposed in the eastern trench wall (after Blumetti et al. - Proceedings of the 6th Interna-
tional INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology, 2015, Pescina, Fucino Basin, Italy).
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Paleoseismological investigations in the Paganica sector

Cinti et al., (2011), Galli et al., (2010; 2011) and Moro et al., (2013), performed paleoseismological investigations along the PSDFS in or-
der to reconstruct its Late Pleistocene-Holocene rupture history. By interpreting the paleoearthquakes record at four different sites in the
Paganica sector, Cinti et al., (2011) conclude that: 1) five distinct surface faulting earthquakes (including the 2009 event) occurred since
2900-760 B.C. and 2) there are indications for earthquakes in the past larger than the April 6, 2009 event, likely related to the rupture of
the whole PSDFS. Moreover, Cinti et al. (2011) estimated that the late Holocene and late Pleistocene dip-slip rates for the investigated por-
tion of the fault are consistent, and range between 0.2 and 0.4 mm/yr (Fig. 2.2.2.2).

Fig. 2.2.2.2 - Aqueduct
site trench (after Cinti
et al., 2011). (a) exca-
vation along the PSDFS
where it crosses the 20
m-high cumulative
scarp.
(b and c) detailed log of
the NW wall of the
trench; (d and e) view
of the main fault zones.
At this site, the 2009
ruptures occurred at
the base of the scarp
on the fields and tar-
mac road adjacent to
the pipeline. In coinci-
dence of FZ2 the 2009
ruptures produced dif-
' fuse deformation ac-
horizontal/verilzal scale (meters) 7. z ; b Compan|ed bOth by
i g cracking and warping.
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STOP 2.3 - Poggio Picenze - Early Pleistocene lacustrine deposits

This outcrop shows Early Pleistocene lacustrine deposits (Limi di San Nicandro
Fm. - SNL), composed of laminated, whitish, fine-grained calcareous silts and
sands with thin layers of clayey silts, containing at places small leaves fragments.
This formation testifies the late stage of the Middle Aterno basin opening when
the depocenter probably reached its maximum depth. The formation has a max-
imum thickness > 100 m. In the more proximal facies it shows sparse gravelly
intercalations due to the progradation of the fan-delta deposits (Stop 2.4).

= it e,

Fig. 2.2.3.2 - outcrop of lacustrine deposits. The considerable dip of the : S ™ X o i K2
bedding (~20° to the W) is mostly due to tectonic tilting. Fig. 2.2.3.3 - Small conjugate normal faults affecting

laminated silts and fine sands (scraper for scale on bot-
49 tom left).
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STOP 2.4 - Le Macchie - Early Pleistocene Gilbert fan delta conglomerates

This outcrop shows the Vall’'Orsa Fm. (VOC), which consists of Early Pleistocene
thick and polygenic beds of carbonatic conglomerates with sandy matrix mixed
with sparse, thin and whitish clayey-silt layers. Clinoforms, cross-bedding and
pinch-out structures are visible, together with some sets of conjugate normal
faults. This formation overlies the Limi di San Nicandro Fm (SNL). The general
dip to the SE of the foresets testifies the progradation of a huge fan-delta sys-
tem and a consistent drainage flow towards an early south-eastern depocenter
in the Middle Aterno basin.

Fig. 2.2.4.1 - Location map and geology of Stop 2.4
(after Pucci et al., 2014)

Fig. 2.2.4.2 - Carbonatic conglomerates showing foreset beds relat-
ed to a Gilbert fan delta. This unit is partially heteropic with the Limi
di San Nicandro Fm.

Fig. 2.2.4.3 - High-angle conjugate normal faults affecting
the Vall’Orsa conglomerates.
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STOP 2.5 - Valle dell’'Inferno

Fig. 2.2.5.1 - Geological map of the Valle Inferno
area (after Pucci et al., 2014).

%

Fig. 2.2.5.2 - Panoramic view from the NE of the Valle dell’'Inferno right flank. In

N erosional surface

depositional surface

fault scarp
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the foreground a fault scarp is visible truncating two wide surfaces: 1) a higher
erosional surface carved on Cretaceous limestones and 2) a lower depositional sur-
face corresponding to the top of the Early Pleistocene alluvial fan conglomerate
succession (Vall’'Orsa Fm. - VOC). This fault belongs to an E-trending system that
acted mostly during Early Pleistocene times and was lately deactivated by the more
recent NW-trending faults of the PSDFS. This kinematic change is testified by the
Valle dell'Inferno gorge, which denotes a dramatic reorganization of the river net-
work, with a new SW-flowing drainage, completely different from the Early Pleisto-
cene SE-flowing one.

51



Quaternary geology and Paleoseismology in the Fucino and L’ Aquila Basins
Amoroso, Bernardini, Blumetti, Civico, Doglioni, Galadini, Galli, Graziani, Guerrieri, Messina, Michetti, Potenza, Pucci, Roberts, Serva, Smedile, Smeraglia, Tertulliani, Tironi, Villani and Vittori

S R

Figure 2.2.5.3 - View to the east showing de-
tails of the Valle dell'Inferno right flank with
the top of the Early Pleistocene conglomerate
succession (Vall’'Orsa Fm.) abutting the N-
dipping normal fault in Cretaceous limestones.
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Fig. 2.2.5.4 - Simplified NE-trending geological section (after Pucci et al., 2014) showing the main Quaternary fault pattern and the
continental depositional units (yellow, pale green and blue) over the undifferenitated carbonate pre-Quaternary bedrock (dark green).
The black rectangle encloses the area shown in Figure 2.2.5.3. Note the close alternance of synthetic and anthitetic fault splays, with
the SW-dipping ones accommodating most of the displacement and influencing the thickness of the Quaternary depocenters.
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Several of these RC buildings collapsed or suffered severe damage due to the main shock (see an example in Via Campo di Fossa, Fig.
2.2.6.1, and an example in Via Cola dell’Amatrice, Fig. 2.2.6.2), causing several tens of victims. Post-earthquake forensic surveys report
that 135 victims were concentrated in the collapse of 11 buildings located in this area (i.e. about 44% of the total number of casualties).
The huge concentration of damage within this area created speculation for both poor design and construction techniques, also related to in-
adequate evaluation of the seismic action provided by the Italian building code in use at the time of their construction. Indeed, the local
subsoil condition is very complex and can cause significant amplification effects. In the area site effects can be related to: lithostratigraphic
amplification due to soft soil overlaying stiff basement; ﬁne gralned sons mterposed W|th|n or placed above, the coarse-grained breccias

(“Terre Rosse”); man-made fills; underground caves;
topographic effects (Milana et al., 2011; Tertulliani et
al., 2012; Totani et al., 2012; Amoroso et al., 2014;
2015). In particular, underground caves, locally well
known and commonly recognized in the "Brecce
dell’Aquila”, are more frequent than in other parts of
the city centre. Figs. 2.2.6.3 and 2.2.6.4 shows two
of these caves, located respectively in Via Campo di
Fossa and Via De Bartholomaeis, that originated im-
pressive sinkholes during the April 6, 2009 main
shock. In this respect many geological, geophysical
and geotechnical investigations were performed, and
still ongoing, related to Seismic Microzonation studies
and research activities and for supporting the recon-
struction planning (Amoroso et al., 2014; 2015, To-
tani et al., 2012). Fig. 2.2.6.5a shows the location of
the site investigations, underground caves and RC
buildings collapsed due to the 2009 earthquake,
within the area of the field trip. The upper portion of
the subsoil is constituted by the “Brecce dell’Aquila”,
with shear wave velocity Vs = 600-1000 m/s or high-
er. The breccias are superimposed to lacustrine de-
posits, with Vs in the 400-700 m/s range, and laying
on the bedrock. The upper portion of the subsoil is
irregularly affected by peculiar local conditions (Fig.
2.2.6.5b): underground caves, “Terre Rosse” with
Vs = 400 m/s, man-made fills of maximum thick-
ness = 8-10 m with lower Vs (& 200-300 m/s).
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Fig. 2.2.6.5 - (a) Location of site investigations in the area under study; (b) Strati-
graphic cross sections and VS profiles from down-hole, surface wave and seismic

dilatometer test (Amoroso et al.,
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Fig. 2.2.6.1 - Example of RC building collapsed in Via Campo di Fig. 2.2.6.2 - Example of RC building suffered severe damage in
Fossa during the April 6, 2009 main shock. Via Cola dell’Amatrice during the April 6, 2009 main shock.

‘ , Fig. 2.2.6.4 - Example of cave (areal extension = 60 m originat-

) ' o o ed with a maximum depth of 14 m) in Via De Bartholomaeis
Fig. 2.2.6.3 - Example of cave originated in Via Campo during the April 6, 2009 main shock (MS-AQ Working Group,
di Fossa during the April 6, 2009 main shock. 2010).
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STOP 2.7 - Piazza Duomo
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Piazza Duomo, is the biggest square of the city and the market place since 1303. The square has always represented the
cultural centre of the city.

The S. Maria del Suffragio church (better
known as Anime Sante Church Fig.
2.2.7.2) was starting to be built soon after
the 1703 earthquake in place of a small
church that was destroyed by the earth-
quake. The church was severely damaged
by the 2009 earthquake, in particular the
superb dome (attributed to G. Valadier),
the lantern and the spires collapsed. The
triumphal arch and roofing were in danger
of collapse.

The Cathedral of Santi Massimo e Gior-
gio was built in 1257 and repeatedly re-
stored during times for damage causeed by
earthquakes. Historical chronicles report
that this church, reconstructed after the
1315 earthquake, totally collapsed during
the destructive 1703 event. Also the 1915
damaged this church. During the 2009
earthquake the cathedral was severely
damaged, in particular the dome, the tran-
sept and the triumphal arch collapsed. Also
the vaulted ceiling was severely damaged.

Fig. 2.2.7.1 - Stratigraphic column reconstructed from a 300 m deep core-destructive borehole executed in Piazza Duomo,
L'Aquila (Monaco et al., 2013, after Amoroso et al., 2010): the top surface of the bedrock in the city centre is located below 300
m depth. The upper portion of the subsoil, 80 m thick, is constituted by “Brecce dell'Aquila” fine to coarse calcareous fragments
of variable size (mostly of some centimetres) embedded in sandy or silty matrix, characterized by highly variable cementation
and mechanical properties. Fine-grained residual soils, locally known as "Terre Rosse", are encountered in the upper 8 m, at the
top of the breccias. The breccias are superimposed to fine-to medium-grained, mostly silty lacustrine deposits, more than 220
m thick.
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STOP 2.8 - Piazza Palazzo

This square has always represented the political centre of the city due to the presence of Palazzo Margherita (Fig. 2.2.8.1), seat of the mu-
nicipality until the 6" April 2009. The Palace was built in 1294 for the establishment of the “Capitano” seat, the main local representative of
the royal authority during the Middle Age. In 1572-1577 the Palace was deeply restored to become the set of Abruzzi Government held by
Queen Margherita d’Austria, that gave the name to the building. The 1703 earthquake caused severe damage to Palazzo Margherita, as tes-
tified by the historical documentation on its restoration. In particular the height of the tower,
originally = 70 m, was reduced as a consequence of the 1703 earthquake, and then modified in
the upper part.
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Fig. 2.2.8.2 - Profiles of shear wave velocity VS meas-
ured by seismic dilatometer tests (SDMT) in 2 backfilled
boreholes and stratigraphic column at the site of Palazzo
Margherita, L'Aquila (Monaco et al. 2013). The upper
portion of the subsoil belongs to the "Brecce dell'Aquila" - IS
formation (VS = 600-1000 m/s or higher). The disper- Fig. 2.2.8.3 - Particular of the Bibli-
sion of the VS possibly reflects some variability in grain
size, cementation and/or mechanical properties. Lower
values (VS = 200-300 m/s) are found in shallow fill ma-
terials.

oteca Tommasi. The building was
very severely damaged: the main
facade was in danger of collapsing.

Fig. 2.2.8.1 - Upper panel: Palazzo
Margherita after the 2009 earthquake.
Lower panel: glimpse of the square.
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STOP 2.9 - Via San Bernardino

San Bernardino cathedral is one of the most important monument of L’Aquila. The church was built in XV century and the superb facade
dates back to the first half of XVI century. The 1461 earthquake damaged the dome of the cathedral recently built. During the 1703 earth-
quake the cathedral collapsed almost entirely excluding the facade.

De Amicis primary school, strongly damaged by the 2009 earthquake, was one of the main
school in the city centre until the 6™ April 2009. It was built during the XV century for the es-
tablishment of San Salvatore Hospital and
was damaged by the 1461 and the 1703
earthquakes. In 1875 the building became Shear wave velocity Vs (m/s)  §1-S2

a military infirmary and finally in 1909 it 0

turned in a school (Centofanti et al., : — Pl dol eamo

1992). | *2 —zcuolagel,:mitcis FILHMATERIAL
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Depth (m)

Fig. 2.2.9.3 - Profiles of Vs seismic dilatome-
ter tests (SDMT) measured in 2 backfilled
boreholes and schematic soil profile at the
site of Piazza del Teatro - Scuola De Amicis
(Monaco et al. 2013). The upper portion of
the subsoil belongs to the "Brecce dell'Aqui-
la" formation. The VS measured in the brec-
cias are mostly = 600-1000 m/s or higher,

=g generally increasing with depth. Lower val-
Fig. 2.2.9.1 - San Bernardino cathedral: Fig. 2.2.9.2 - Scuola De Amicis after ues (VS = 200-300 m/s) have been locally
the 2009 earthquake severely damaged L’Aquila earthquake. measured in shallow fill materials.

the church especially the upper part of
the bell tower that collapsed.
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STOP 2.10 - Palazzo Ardinghelli

Palazzo Ardinghelli is located in the heart of the historical center of L'Aquila. The building is on two main levels. The ground floor is dominat-
ed by the presence of passing entrance hall with the stairs on the left, and by a colonnaded courtyard. This floor reveal the various building
phases that led its realization. Conversely, the main floor, at least in the body facing the square, was completely rebuilt after the earth-
quake of 1703, with the creation of large vaulted halls and the insertion of a small chapel surmounted by a dome. Together with the facade,
the courtyard is the element that characterizes the building. Its exedra termination differentiates it from almost all of the buildings in L'Aqui-
la and gives coherence to the architectural complex. Under the stylistic unity provided to the palace by the eighteenth-century intervention,
it is hidden an intense layering readable through the structure and character building of the factory.

Fig. 2.2.10.1 - The intervention is based on
the traditional restoration principles and it is
aimed to the restoration of the damage caused
by the 2009 earthquake, to the seismic im-
provement and to the re-use of the building.
The goal of the project is to equip the building
with a structural plant that makes the Palace
able to effectively respond to the seismic ac-
tion. Moreover it is provided the restoration of
@ surfaces and decorations, finishing works and
! the building installations necessary for its fu-
ture reuse. The earthquake damage was re-
paired with mixing traditional techniques and
modern technologies. The damaged masonry
vaults have been repaired and consolidated
while the collapsed ones have been rebuilt
with similar technology. The connections be-
tween walls have been realized with a system-
.. atic shackling at the height of the ceilings. A
B bead reinforced masonry has been realized on
| top of the walls, giving a better connection be-
tween the walls and the elements of the cover.
| The insertion of artificial diatones improved
the textures masonry. The roofs were recon-
structed with wooden warping, substantially
¢ preserving the original plant but regularizing
" the mesh of the main elements.
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STOP 2.11 - Castello Cinquecentesco

This massive building is also
known as Spanish Fortress.
Located in the highest part of
the city, was started to be
built in 1534 under the Span-
ish domination. The fortress
has a square plan with four
massive bastions at the cor-
ners. The castle is surround-
ed by a moat that was not
supposed to be filled with
water. Historical accounts re-
vealed that the castle was
damaged during the 1703
and 1762 earthquakes.

The 2009 earthquake caused
the partial collapse of the

Fig. 2.2.11.1 - Castello Cinquecentesco after the Fig. 2.2.11.2 - Glimpse of the damage in the up- upper part of the walls and

2009 L'Aquila earthquake. per part of the walls. the roof, large and extensive
cracks in the walls of the

building. The historic and artistic heritage of the Museo Nazionale d’Abruzzo, inside the castle, were seriously damaged, as well as the offic-
es of the INGV seated in the upper level of the castle.

uli !

A special thanks for the generous support offered by the company archeoRes, in the person of the Eng. Gianluca Olivieri, for technical and organizational
assistance related to the visit of Palazzo Ardinghelli. We wish to thanks also Americo Santilli, owner of the quarries of Stop 1.5, and the owners of the "Le
Macchie" shooting-range for having permitted our visit.
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