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ABSTRACT

Study of the tectonically active L’Aquila
Basin offers new insights into both the cre-
ation of the extensional intermontane basins
of the central Apennines of Italy and their
tectono-sedimentary evolution through
time. The combination of large mammal
remains, ostracods, molluscs, Mousterian
tools, and “C dating allows better defini-
tion of the onset and stratigraphic evolution
of the I’Aquila Basin. Interpretation of a
seismic reflection profile and well-log data
allow evaluation of the subsurface setting
of this sedimentary basin and its tectono-
sedimentary evolution. The occurrence of
a wedge-shaped seismic unit at the base of
the basin sedimentary succession defines
the first phase of basin fill during a late
Piacenzian—Gelasian synrift stage. Activ-
ity along the main fault of the extensional
fault system responsible for the onset and
subsequent development of the western
sector of the L’Aquila Basin (L’Aquila—
Scoppito subbasin) migrated from south-
west to northeast, reaching the presently
active Mount Pettino normal fault only in
the late Pleistocene—Holocene. The onset of
sedimentation in the I’Aquila Basin was
synchronous with the onset in the Tiberino
Basin, and so the idea that these extensional
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intermontane basins become progressively
younger from the Tyrrhenian toward the
Adriatic side of the central Apennines is
rejected. In the northern and central Apen-
nines, only two major syndepositional ex-
tensional domains can be recognized: a late
Miocene rifting area, which includes all the
late Miocene extensional basins in Tuscany,
and a late Pliocene to earliest Pleistocene
rifting area, which possibly includes all
the intermontane basins from the Tiberino
Basin to the Sulmona Basin. The different
time gaps between compressional and exten-
sional deformation at any given locality in
the central Apennines could indicate a par-
tial decoupling of processes responsible for
the migration of shortening and extension
toward the foreland. Diachroneity between
the eastward migration of shortening in the
foreland and extension in the inner part of
the orogen supports the notion that the cen-
tral Apennines were created as a result of a
partially decoupled collision zone. Study of
the onset of the central Apennine extensional
intermontane basins, together with their
seismic activity, indicates that the central
Apennine postorogenic extensional domain
represents an archive of ~3 m.y. of contin-
ued crustal extension. These findings help to
refine models of the long-term extensional
rate of the central Apennines, and they pro-
vide a basis for more reliable seismotectonic
models for one of the most seismically active
sectors of the central Mediterranean area.

INTRODUCTION

In the central Apennines of Italy, intermon-
tane basins are mainly related to: (1) a first stage
of compressional tectonics linked to the build-
ing phases of the Apennines; and (2) a second
stage of later extensional tectonics related to the
opening of the Tyrrhenian back-arc basin and
orogenic collapse of the Apennines. During the
first stage, intermontane basins were character-
ized by compressional tectonics and developed
on top of the Apennine tectonic units as thrust-
top or piggyback basins (Patacca and Scandone,
1989; Patacca et al., 1992; Cipollari and Cosen-
tino, 1995, 1996; Cipollari et al., 1999a, 1999b;
Cosentino et al., 2010), as a part of a foreland
basin system (sensu DeCelles and Giles, 1996).
These intermontane basins have been develop-
ing since the late Miocene at the leading edge of
the central Apennine chain during its migration
toward the Adriatic foreland domain. The ages
of the central Apennine thrust-top basins are
useful to define the main phases of the Apennine
orogeny and are consistent with late Burdigalian
(ca. 18 Ma) to late Pliocene (ca. 3 Ma) migra-
tion of the Apennine chain from the Tyrrhenian
side toward the Adriatic side of the Italian Pen-
insula (Patacca and Scandone, 1989; Patacca
et al.,, 1992, 2008; Cipollari and Cosentino,
1995, 1996; Cipollari et al., 1999a; Elter et al.,
2003; Centamore and Rossi, 2009; Cosentino et
al., 2010).

The subsequent nucleation of the Tyrrhenian
extensional province upon the Apennine orogen,
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as a lithospheric response of the upper plate
to the rollback of the subducting Adria plate
(Dewey, 1988; Faccenna et al., 1996, 2001; Fu-
niciello et al., 1999; Carminati and Doglioni,
2012), led to the continental rupture and oce-
anization of the Tyrrhenian area. Moreover, it
enhanced the orogenic collapse of the Apennine
tectonic wedge (Dewey, 1988), defining the on-
set of the second stage of intermontane basins in
the Apennines. The extensional tectonic activity
in the internal zones of the chain occurred at the
same time as marginal thrusting in outer oro-
genic zones (Dewey, 1988; Patacca et al., 1992;
Cipollari et al., 1999b). The Tyrrhenian exten-
sional tectonics propagated toward the Adriatic
foreland (Patacca et al., 1992; Cavinato and De-
Celles, 1999; Cipollari et al., 1999b; Cosentino
et al., 2010) following both the migration of the
Apennine thrust front and the slab retreat of the
subducting Adria plate. The arrival of the Tyr-
rhenian extensional front in different sectors of
the Apennine chain gave rise to collapsing areas
and the subsequent development of extensional
intermontane basins, which reportedly become
younger toward the Adriatic side of the central
Apennines (Cavinato and DeCelles, 1999; Gala-
dini and Messina, 2004).

Although the extensional intermontane ba-
sins of the central Apennines (Fig. 1) are among
the most seismically active sectors of the central
Mediterranean area (Amato et al., 1997; Bagh
et al., 2007; Falcucci et al., 2011; Vannoli et al.,
2012), their tectono-stratigraphic evolution is
still poorly understood, and little is known about
their subsurface geology. Attempts at correlat-
ing the older continental deposits among the
different extensional intermontane basins have
been mainly based on geomorphological ob-
servations (Bertini and Bosi, 1976; Bosi, 1989;
Bosi and Messina, 1991).

Although all the extensional intermon-
tane basins have generally similar tectono-
stratigraphic characteristics, the evolutionary
schemes suggested by different authors are
quite different. For the L’ Aquila (Giaccio et al.,
2012; Mancini et al., 2012; Tallini et al., 2012),
Sulmona (Miccadei et al., 1998, 2002; Giaccio
et al., 2009; Gori et al., 2011, 2014), Fucino
(Cavinato et al., 2002), and Rieti (Cavinato,
1993) Basins, similar half-graben geometries
controlled by normal faults with high seismic
activity have been suggested. Nonetheless, ac-
cording to the previously quoted authors, the
stratigraphies of each basin are quite differ-
ent. In the eastern part of the L’ Aquila Basin
(Paganica—San Nicandro—Castelnuovo sub-
basin), Giaccio et al. (2012) recognized three
different synthems, whereas in the western
part (the L’ Aquila—Scoppito subbasin), only
two main depositional phases were identified

Cosentino et al.

by Mancini et al. (2012). The Sulmona Basin,
characterized by sedimentary infill with a total
thickness of more than 400 m (Miccadei et al.,
2002), shows a continuous deposition starting
at least from the early Pleistocene (Miccadei
et al., 1998; Giaccio et al., 2009). These dif-
ferences in the basin stratigraphy, including
any potential tectonic or climatically induced
forcing of sedimentation patterns, remain un-
explained.

To develop a better understanding of both
the creation of the extensional intermon-
tane basins of the central Apennines and their
tectono-sedimentary evolution through time,
a multidisciplinary study was carried out on
the tectonically active intermontane L’ Aquila—
Scoppito subbasin (Fig. 2). In addition, by cor-
relating the L’ Aquila—Scoppito subbasin to the
eastern part of the L’ Aquila Basin (Paganica—
San Demetrio—Castelnuovo subbasin), as well
as to other intermontane basins of central Italy
(e.g., Rieti and Tiberino Basins), this work of-
fers new insights into the onset and subsequent
eastward migration of the Apennine postoro-
genic extensional domain.

PREVIOUS STUDIES ON THE
TECTONICALLY ACTIVE L’AQUILA-
SCOPPITO SUBBASIN

The L’ Aquila—Scoppito subbasin is a semi-
enclosed intermontane basin created through the
pervasive extensional deformation that affected
the axial zone of the Apennine chain starting
in the late Pliocene—early Pleistocene (Mes-
sina et al., 2001; Centamore and Dramis, 2010;
Mancini et al., 2012; Tallini et al., 2012). The
L’ Aquila—Scoppito subbasin is a W-E-trending
half graben, bordered to the north by both the
active south-dipping Scoppito-Preturo normal
fault and the southwest-dipping Pettino normal
fault (Vezzani et al., 2009; Tallini et al., 2012;
Storti et al., 2013).

The stratigraphy of the L’ Aquila—Scoppito
subbasin infill, based on surface and subsur-
face data (Geomineraria Nazionale [GEM-
INA], 1963), has been studied principally by
Bosi (1989), Centamore and Dramis (2010),
and Mancini et al. (2012). The infill includes a
Pliocene?—early Pleistocene to Holocene fluvio-
lacustrine succession, more than 185 m thick
(Amoroso et al., 2010), that unconformably
overlies Cretaceous—Middle Miocene carbon-
ate successions and Upper Miocene siliciclastic
rocks (Vezzani and Ghisetti, 1998; Centamore
and Dramis, 2010).

The oldest deposits of the L’ Aquila—Scoppito
subbasin fill pertain to the Colle Cantaro-Cave
synthem of Centamore and Dramis (2010),
which includes talus breccias and debris-flow
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deposits, as well as alluvial clayey-sandy con-
glomerates. Based on the stratigraphy of bore-
holes drilled in the western part of the L’ Aquila—
Scoppito subbasin, the thickness of the Colle
Cantaro-Cave synthem is around 70 m thick
(GEMINA, 1963). The transition from these
basal deposits to the younger Madonna della
Strada synthem is marked by a 1-3-m-thick pa-
leosol (Centamore and Dramis, 2010), which in-
dicates a large hiatus in the sedimentary record.

The Colle Cantaro-Cave synthem was highly
deformed during the Quaternary, as indicated
by tilting of bedding planes (15°-20°), and the
many outcrop-scale faults affecting the deposits.
Magneto-stratigraphic analyses performed on
sandy-silty deposits within this synthem display
normal polarity, allowing Messina et al. (2001)
to assign to them an age older than 1.77 Ma.
Centamore and Dramis (2010) referred the
Colle Cantaro-Cave synthem to the lower Vil-
lafranchian (Piacenzian; 3.60-2.58 Ma).

The Madonna della Strada synthem (Centa-
more and Dramis, 2010), which unconformably
overlies the Colle Cantaro-Cave synthem, con-
sists mainly of clayey silt, sandy silt, and sand,
containing up to five intercalations of lignite.
Boreholes penetrating the lignite-rich deposits
indicate that they are at least 40 m thick (GEM-
INA, 1963). Thicker deposits were inferred by
Tallini et al. (2012), based on interpretation of a
seismic reflection profile crossing the northern
part of the L’ Aquila—Scoppito subbasin. There,
they recognized a seismic facies up to 200 m
thick, which boreholes revealed was composed
of fine-grained lacustrine deposits referable to
the Madonna della Strada synthem (Amoroso
et al., 2010). This synthem is interpreted as
mainly deposits of swamp and fluvio-lacustrine
environments developed in a temperate and wet
climate (GEMINA, 1963; Magri et al., 2010). In
the upper portion of the Madonna della Strada
synthem, a rich assemblage of early Pleistocene
mammal remains was found (Maccagno, 1962;
Magri et al., 2010; Mancini et al., 2012; Agos-
tini et al., 2012). Centamore and Dramis (2010)
referred this synthem to the upper Villafran-
chian (Calabrian, 1.80-0.78 Ma, and possibly
Gelasian, 2.58—-1.80 Ma).

A younger synthem, the Fosso di Genzano
synthem (Centamore and Dramis, 2010), uncon-
formably overlies both the Mesozoic—Tertiary
bedrock of the L’Aquila—Scoppito subbasin
and older synthems. Its basal strata are mainly
characterized by clast-supported, structureless
coarse gravels, composed mainly of limestone
clasts. In this portion, a volcaniclastic horizon,
up to 7-10 m thick, consisting of several ash lay-
ers with large crystals of biotite, clinopyroxene,
and sanidine yielded a ¥Ar/*Ar age of 520 +
5 ka (Gaeta et al., 2010). At Pagliare di Sassa,
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Figure 1. (A) Structural sketch of the central Apennines. The main Pliocene—-Quaternary intermontane basins of the central Apennines
are shown. V—Quaternary volcanic rocks; P-Q—Pliocene-Quaternary marine and continental deposits; TUl—External Ligurian unit;
TU2—Sannio unit; TU3—Mount Soratte tectonic unit; TU4—Inner Umbria tectonic unit; TUS—Umbria-Marchean-Sabine tectonic
unit; TU6—Simbruini-Ernici-Matese tectonic unit; TU7—Gran Sasso—Western Marsica tectonic unit; TU§—Molise tectonic unit; TU9—
Acquasanta-Montagnone tectonic unit; TU10—Morrone—eastern Marsica tectonic unit; TU11—Maiella tectonic unit; FD1—Burdigalian
foredeep deposits; FD2—Tortonian foredeep deposits; FD3—Messinian foredeep deposits; FD4—Upper Messinian—lower Lower Pliocene
foredeep deposits; FD5—upper Lower Pliocene foredeep deposits; a—normal fault; b—minor thrust; c—major thrust; d—strike-slip
fault; e—location of the stratigraphic logs in Figure 13. (B) Map of the seismic hazard in Italy, showing peak ground accelerations (g) that
have a 10% chance of being exceeded in 50 yr (Meletti and Montaldo, 2007). It is worth noting that in the central and southern Apennines,
peak ground acceleration maxima correspond to extensional intermontane basins.
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still in the basal portion of this synthem, large
and small mammal remains referable to the Ga-
lerian Mammal Age (ca. 0.7 Ma; early middle
Pleistocene) were found within a normal polar-
ity chron (Palombo et al., 2010). Up section,
the synthem is dominated by alternating silty
and sandy deposits, with rare thinly laminated
clayey silts representing the distal portions of al-
luvial fans, passing laterally to floodplains.

The overlying Catignano synthem (Centa-
more et al., 2006; Centamore and Dramis, 2010)
is characterized by terraced alluvial deposits,
consisting mainly of well-rounded gravels in a
sandy-silty matrix. These alluvial deposits were
carved into the previous synthems. According to
Centamore et al. (2006), the alluvial terrace east
of Coppito (i.e., San Salvatore Hospital allu-
vial terrace) pertains to the Catignano synthem,
which is late middle Pleistocene in age.

Finally, the Valle Majelama synthem (Centa-
more et al., 2006; Centamore and Dramis,
2010) consists predominantly of terraced al-
luvial deposits, characterized by gravel with a
sandy-silty matrix, and rock debris accumulated
at the foot of hills or ridges. These deposits are
widespread in the L’ Aquila—Scoppito subbasin,
characterizing the uppermost Pleistocene cover
of the basin. According to Centamore and Dra-
mis (2010), their age is late Pleistocene.

Holocene alluvial and colluvial deposits are
the youngest sediments of L’Aquila—Scoppito
subbasin, related to the erosional and deposi-
tional processes that are still active in the inter-
montane basin.

MATERIAL AND METHODS

Geological data from surface analyses were
integrated with subsurface data from deep bore-
holes drilled by (GEMINA, 1963) for lignite
exploration and from additional shallow bore-
holes (>400 wells) drilled in the area just after
the L’Aquila 2009 earthquake (6 April 2009,
Mw 6.1; Scognamiglio et al., 2010). A seismic
reflection profile (Pettino 1), previously inter-
preted by Tallini et al. (2012), was re-examined
to evaluate seismic facies within the basin.

Near the Campo di Pile industrial area, some
new stratigraphic sections were exposed as a
consequence of rock excavation for civil en-
gineering use. This allowed direct examina-
tion of the stratigraphy of the basin fill (BAR
20 section), as well as collection of new large
mammal remains and continental molluscs.
Samples were collected from the BAR 20 sec-
tion (Fig. 3) for magnetostratigraphic analyses
as well as for paleontological studies of ostra-
cods and molluscs. The latter were handpicked
under a stereomicroscope from 0.125 mm
sieved samples.
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Figure 3. Stratigraphic log of the BAR 20 section (42°21°09.3"N, 13°20"20.5”E), with
locations of samples for paleontological studies (BAR) and magnetostratigraphic
analyses (AQ). BAR 20-14 is the sample for “C dating. 1—Mammuthus meridiona-
lis; 2—Equus sp.; 3—large bovid; 4—Axis eurygonos; 5—cfr. Praemegaceros obscu-
rus; 6—molluscs; 7—ostracods; 8—root trace; 9—Mousterian industry; cl—clay;
si—silt; sa—sand; gr—gravel; UBSU—unconformity-bounded stratigraphic unit.
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For magnetostratigraphic analyses, 36 cores
were drilled with an ASC 280E petrol-powered
portable drill and oriented in situ using a mag-
netic compass. Standard cylindrical specimens
were cut from each core. The natural remanent
magnetization (NRM) was measured at the pa-
leomagnetic laboratory of the Istituto Nazionale
di Geofisica e Vulcanologia (INGV), Rome,
Italy, using a 2-G Enterprises superconducting
rock magnetometer (SRM) equipped with DC-
SQUID coils within a magnetically shielded
room. One specimen per core was measured by
means of progressive stepwise demagnetization
using alternating field (AF) procedures. Step-
wise AF demagnetization was carried out using
a set of three orthogonal AF coils mounted in-
line with the SRM system, with 5-10 mT incre-
ments up to 20 mT, followed by 20 mT steps up
to 100 mT.

RESULTS
Subsurface Geology

Well Logs

Examination of more than 400 wells drilled
in the study area allowed us to reconstruct the
geometry of the basin fill, the variation in depth
to bedrock throughout the basin, and the thick-
ness changes of the L’Aquila—Scoppito sub-
basin synthems (Fig. 4). Subsurface bedrock
ridges within the basin (see section C-C’ in
Fig. 4) have produced marked changes of thick-
ness and facies in the L’ Aquila—Scoppito sub-
basin Pliocene—Quaternary fill, which reflect
the intense deformation that occurred in the area
during and after the onset of subsidence in the
L’ Aquila intermontane basin.

The Colle Cantaro-Cave synthem was inter-
sected in almost all of the wells, except in some
boreholes close to L’Aquila Hill (e.g., S46 in
Fig. 4), and boreholes drilled near the Collet-
tara ridge (e.g., S31 in Fig. 4). The maximum
thickness of this synthem (~70 m) is from wells
S28 and S1, in the western part of the L’ Aquila—
Scoppito subbasin.

The Madonna della Strada synthem shows
marked lateral changes of lithofacies within
the basin. The boreholes from the northern
and western parts of the L’ Aquila—Scoppito
subbasin, and those drilled in the Campo di
Pile area mostly intersected fine-grained de-
posits (e.g., silt and silty clay), mainly de-
posited in marsh and swamp environments,
whereas those drilled in the southern part,
close to L’Aquila Hill, are mainly silty sand,
sand, and gravel deposited in alluvial plain or
other riverine environments. The maximum
recorded thickness of the Madonna della
Strada synthem is in well S46, which inter-
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sected 165 m (Fig. 4) of fine-grained deposits
of alluvial plain origin.

The stratigraphic relationships among the
Middle-Upper Pleistocene synthems of the
L’ Aquila—Scoppito subbasin basin fill are best
seen in well S17 (Fig. 4), drilled close to the San
Salvatore Hospital.

Seismic Reflection Profile

In the seismic reflection profile analyzed in
this paper (Pettino 1), five different seismic fa-
cies were recognized. One of these is correlated
with the pre-Pliocene bedrock. The other four
represent different components of the L’ Aquila—
Scoppito subbasin sedimentary infill (Fig. 5).

Seismic facies S. Seismic facies S is marked
by a chaotic seismic facies, with low-amplitude,
apparently parallel, discontinuous reflectors. It
characterizes the lower portion of the Pettino 1
seismic reflection profile, and its margins. It is
characterized by a low-resolution signal, due to
weak penetration of the seismic pulse. This seis-
mic facies is interpreted as the acoustic bedrock
of the L Aquila—Scoppito subbasin fill.

Seismic facies R. Seismic facies R is typically
characterized by high-amplitude, discontinuous
or semicontinuous reflectors. It is recognizable
almost throughout the seismic reflection pro-
file between ~100 and ~1200 m common depth
point (CDP), and it shows a maximum thickness
of ~200 ms. It is characterized by a highly dis-
turbed signal, although its resolution is sufficient
to define fairly continuous reflectors. These usu-
ally exhibit a divergent internal configuration,
indicating wedge-shaped geometries. Locally,
this seismic facies appears highly disturbed, and
it can be difficult to distinguish from seismic
facies S. Nonetheless, its extremely irregular
lower boundary points to an erosional contact
with seismic facies S. The high-amplitude and
discontinuous character of this seismic facies is
consistent with clastic deposits, including slope-
derived breccias, debris-flow deposits, and al-
luvial clayey-sandy conglomerates of the Colle
Cantaro-Cave synthem. The wedge-shaped ge-
ometry that characterizes parts of this seismic
facies, together with the structural setting of the
L’ Aquila—Scoppito subbasin, points to synrift
clastic deposition into a tectonically controlled
sedimentary basin.

Seismic facies L. Seismic facies L is char-
acterized by continuous and parallel reflectors
with medium to high amplitude. This facies, as
well as seismic facies R, is present along the
whole seismic reflection profile. Seismic facies
L has highly variable thicknesses across the Pet-
tino 1 profile, including ~300 ms in the south-
western area, ~200 ms in the northeastern area,
and ~100 ms in the central area. Typically, the
continuous parallel reflectors in this seismic fa-
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cies are horizontal, except along the southwest-
ern margin of the Pettino 1 profile, where they
appear to be dragged down along an extensional
fault plane. The lower boundary, between facies
L and R, is highly irregular and unconformable.
Based on the stratigraphy of boreholes drilled
in the northern part of L’ Aquila—Scoppito sub-
basin (GEMINA, 1963; Amoroso et al., 2010),
it is possible to correlate seismic facies L with
the Madonna della Strada synthem. Given the
internal configuration of this seismic facies,
its deposition might have occurred during a
postrift stage.

Seismic facies BC. Seismic facies BC is de-
fined by fairly continuous, low-amplitude re-
flectors, with parallel to irregular and chaotic
geometry. Both the basal and upper boundaries
of this seismic facies are highly irregular. It was
recognized in the Pettino 1 profile between ~200
and ~350 m CDP, at ~100 and ~200 ms. Both
the stratigraphic position and the internal geom-
etry of this seismic facies allow correlation with
the chaotic breccias and megabreccias that crop
out southwest of the Pettino 1 profile (Colle
Macchione ridge) and near Coppito (Brecce
dell’ Aquila Auctorum).

Seismic facies AD. Seismic facies AD is
typically characterized by a chaotic facies,
with seismic reflectors of medium to low am-
plitude. This facies is distributed throughout the
seismic reflection profile. Its lower boundary
is extremely irregular and is located at a depth
between ~100 and ~200 ms. In the southwestern
segment of the Pettino 1 profile (starting from
~700 m CDP), it is possible to distinguish some
continuous reflectors within the predominantly
chaotic facies, whereas in the northeastern zone,
the AD facies is characterized by more chaotic
geometries. It is possible to refer this seismic
facies to the youngest deposits of the I’ Aquila—
Scoppito subbasin fill, including the pediment
at Mount Pettino and the Upper Pleistocene al-
luvial deposits of the Aterno River.

Paleontology of the BAR 20 Section

The BAR 20 section (Fig. 3) was sampled
near the Campo di Pile industrial area, where
new stratigraphic sections were well exposed
in October 2011 as a consequence of rock ex-
cavation for industrial buildings. The section
is 14 m thick and shows the coarse-grained al-
luvial deposits of the Campo di Pile synthem
(Upper Pleistocene; see section “Remarks on
the Stratigraphy of the L’Aquila—Scoppito
Intermontane Basin”), unconformably overly-
ing finer-grained strata of the Madonna della
Strada synthem (Lower Pleistocene). This lat-
ter synthem (12 m thick) includes both fine-
grained sediments, mainly consisting of silt
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Figure 4. (A) Location map of the selected well logs from the L’Aquila—Scoppito subbasin (ASB). A-A’,
B-B’, and C-C’ correspond to the panels figured in C, D, and E. (B) Stratigraphy used in this work to
correlate the selected boreholes from the L’ Aquila—Scoppito subbasin (m a.s..—meters above sea level).
(C) A-A’ correlation panel of the boreholes along the southern margin of the L’ Aquila—Scoppito subba-
sin. (D) B-B’ correlation panel of the boreholes along the northern margin of the L’ Aquila—Scoppito sub-
basin. (E) C-C’ correlation panel of the boreholes from the northwestern part of the L’ Aquila—Scoppito
subbasin. The selected correlation panels show both the depth variation of the bedrock throughout the
basin and the thickness changes of the L’ Aquila—Scoppito subbasin synthems.
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Figure 5. Interpretation of the Pettino 1 seismic reflection profile (see location in Fig. 12). The recognized seismo-stratigraphic units are:
S—acoustic bedrock of the I’ Aquila—Scoppito subbasin filling; R—deposits sedimented during the synrift stage (Colle Cantaro-Cave Syn-
them); L—deposits sedimented during the postrift stage (Madonna della Strada Synthem); BC—chaotic breccias and megabreccias (Colle
Macchione-L’Aquila synthem); AD—Mount Pettino’s pediment and Upper Pleistocene—-Holocene alluvial deposits of the Aterno River;
PTF—Mount Pettino normal fault. CDP—common depth point.

layers with root traces and clays with hori-
zons rich in organic matter, as well as coarse-
grained channelized deposits, mainly consist-
ing of sand and gravel with cross-bedding and
clast imbrication (Fig. 3). The sedimentologi-
cal features of the Madonna della Strada syn-
them indicate an alluvial plain with palustrine
wetlands (floodplains) and fluvial channels of
the ancient Raio Stream.

The following subsections present results
of the paleontological analyses carried out on
both the samples collected from the BAR 20
section (Fig. 3) and the associated large mam-
mal remains. A detailed description of both the
ostracod assemblage and the fossil vertebrates
collected in the BAR 20 section, with comments
on their taxonomy, is available in GSA Data Re-

pository.!

Ostracods and Molluscs

Fourteen samples collected from the BAR 20
section were studied for ostracod micropaleon-
tologic analysis. The majority of samples were
barren, but sample BAR 20-4A yielded a rich
and well-preserved assemblage of seven spe-

!GSA Data Repository item 2017219, detailed de-
scription of the ostracod assemblage and fossil verte-
brates collected in the BAR 20 section, with comments
on their taxonomy, together with general information
on the occurrence of Mousterian tools in Abruzzi, is
available at http://www.geosociety.org/datarepository/
2017 or by request to editing @geosociety.org.

cies belonging to six genera: Candona (Negle-
candona) neglecta Sars, 1887, Pseudocandona
marchica (Hartwig, 1899), Ilyocypris bradyi
Sars, 1890, Eucypris dulcifrons Diebel and Pi-
etrzeniuk, 1969, Eucypris pigra (Fischer, 1851),
Potamocypris zschokkei (Kaufmann, 1900),
and Paralimnocythere messanai Martens, 1992
(Fig. 6).

The autoecological characteristics of each
species given by Meisch (2000) indicate that
the fossil ostracod assemblage recovered in
sample BAR 20-4A represents a true autoch-
thonous thanatocoenosis, consisting of oligo-
thermophilic (at least cold stenothermal in the
case of P. zschokkei), theophilic, and sometimes
crenophilic species that inhabited mainly small
and shallow permanent or temporary waterbod-
ies. According to Fuhrmann et al. (1997) and
Fuhrmann (2012), the fossil E. dulcifrons is
typical of the cold climate assemblages from
Pleistocene glacial intervals.

The silty and sandy-silty samples BAR 20-2,
20-4, 20-8, and 20-11 contained no ostracods
but yielded several fragmentary specimens of
pulmonate gastropods, referable to the families
Planorbidae and Lymnaeidae. Notably, sample
BAR 20-4A was rich in Planorbis planorbis
(Linnaeus, 1758), accompanied by a few frag-
mentary specimens of Stagnicola sp. The abun-
dance of P. planorbis, especially characteristic of
shallow waterbodies liable to desiccation, is in-
dicative of temporary or permanent shallow wa-
terbodies (up to 1 m depth) with well-vegetated
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standing or slowly flowing waters, and tempera-
ture optimum of 19 °C. Species of Stagnicola
are also typical of temporary or permanent shal-
low water (Girod et al., 1980; Welther-Schultes,
2012). In sample BAR 20-6, only rare fragmen-
tary specimens of terrestrial gastropods (Clausi-
liidae and Helicidae) were recovered.

Based on (paleo)ecological data on ostracods
and molluscs, it suggested that the sedimentary
succession at the BAR 20 section was deposited
during a cool or cold climate interval, in a wet-
land with temporary swamps characterized by
slow-moving waters, possibly associated with
the seasonal overflow of adjacent streams.

Large Mammals

The remains of fossil vertebrates collected
in the BAR 20 section consist of a horse mo-
lar, a fragment of a maxillary bone bearing two
molars of a small deer, the proximal part of the
radius of a large deer, and part of the diaphysis
of along bone of an unidentified medium/small-
sized mammal (Fig. 7). All the material will be
stored at the Soprintendenza per i Beni Archeo-
logici dell’ Abruzzo, Chieti, Italy.

The small-sized cervid classified as “Axis”
eurygonos covers a long time span, from the
Farneta Faunal Unit (FU; ca. 1.6—-1.4 Ma) to the
end of the Galerian Mammal Age (ca. 0.45 Ma;
Mancini et al., 2012). If the affinity of our equid
remains are affiliated with Equus suessenborn-
ensis, this implies a time span from the Pirro
Nord FU (ca. 1.4-1.2 Ma; and possibly from
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Figure 6. Scanning electron microscope (SEM) and transmitted light photos of the ostracod assemblage from (A-I) sample BAR 20-
4A and (J) sample AQ3. (A-B) Ilyocypris bradyi Sars, 1890, where A shows right valve and B shows left valve in lateral outer view;
(C, F) Potamocypris zschokkei (Kaufmann, 1900), showing lateral outer view of left valve in C and inner view of left valve in F;
(D-E) Eucypris dulcifrons Diebel and Pietrzeniuk, 1969, where right valve in D is lateral outer view and E is inner view; (G) Paralimno-
cythere messanai Martens, 1992, showing right valve in lateral outer view; (H-I) Eucypris pigra (Fischer, 1851), where left valve in H is
lateral outer view and I is inner view; (J) Mixtacandona stammeri (Klie, 1938), showing left valve in lateral outer view (transmitted light).
White bar corresponds to 0.1 mm.

the Farneta FU) to the Isernia FU (ca. 0.7—
0.55 Ma; Alberdi and Palombo, 2013). For the
large-sized cervid, two similar chronological
distributions are possible: If it is attributed to
Arvernoceros giulii, this species (and the ge-
nus) is reported only from two Italian locali-
ties (Selvella and Santarelli quarry) assigned
to the Farneta FU (ca. 1.6-1.4 Ma) and Pirro
Nord FU (ca. 1.4-1.2 Ma), respectively (Pet-
ronio and Pandolfi, 2011). This species is also
present in sites of more recent age in Germany
and France(?) (Kahlke, 1997; Croitor, 2009).
If the large-sized cervid remains are attrib-
uted to Praemegaceros obscurus, this species
spans from the Farneta FU to Pirro Nord FU
(ca. 1.6—1.2 Ma) in the Italian Peninsula (Abba-
zzi, 2004). Elsewhere, Croitor (2006) reported
a time span from 1.4 Ma to 1.2/1.0 Ma for the

total chronological distribution of the species in
Europe and the Near East. Recently, the FUs of
Farneta and Pirro Nord have been considered as
equivalent by Siori et al. (2014). In summary,
from a paleontological perspective, the small
assemblage from the BAR 20 section (with the
addition of Mammuthus meridionalis; Agos-
tini et al., 2012) belongs to the Pirro Nord FU
(ca. 1.4-1.2 Ma), although a slightly younger
age (still older than Colle Curti FU, ca. 1.1-
0.9 Ma) cannot be ruled out.

Paleo-ethnology

In the upper part of the BAR 20 section
(Fig. 3) and at other localities close to Ponte
Peschio, some lithics and bone artifacts have
been found within the sandy matrix of alluvial

Geological Society of America Bulletin

deposits related to the Campo di Pile synthem
(see section “Remarks on the Stratigraphy
of the L’Aquila—Scoppito Intermontane Ba-
sin”). The abundant lithic material collected
is made from fine-quality chert, mainly red,
in the form of small and smooth lithic tools
(Mousterian industry). The principal charac-
teristic of the flake shown in Figure 8 is the
presence of a number of intersecting flake
scars on the upper surface that represent the
visible remains of an earlier trimming of the
core (Levalloisian core). The margins of the
flake have fractures possibly related to trans-
port in a rocky environment.

The C dating of carbonized plant remains
within the Campo di Pile synthem gives a 26
age of 41,854-40,464 calendar yr B.P.,, which
allows us to correlate the Mousterian industry
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Figure 7. Large mammal remains recovered within the Madonna della Strada synthem at
BAR 20 section. (A) cfr. Praemegaceros obscurus vel Arvernoceros giulii, left radius, proxi-
mal fragment, anterior view; (B) the same, proximal articular face view; (C) “Axis” eurygo-
nos, M1, M2, and a small fragment of M3, fragment of left maxillary (the teeth are slightly

displaced); (D) Equus sp., left M3.

of the Campo di Pile synthem to marine oxy-
gen isotope stage (MIS) 3 (upper late Pleisto-
cene). General information on the occurrence of
Mousterian tools in Abruzzi is provided in the
GSA Data Repository (see footnote 1).

0 3cm

Figure 8. Drawing of one of the flakes
discovered within the Campo di Pile
synthem (BAR 20 section), in dorsal
(left) and lateral (right) view.

Paleomagnetic Results

Some of the samples examined from the BAR
20 section (Fig. 3) were too weakly magnetized
(NRM values of ~160 x 10°° A/m) to allow for
reliable complete stepwise demagnetization, or
they gave unstable directions during stepwise
demagnetization (Fig. 9A). Other samples had
NRM intensities between 250 x 107 and 850 x
102A/m. Demagnetization diagrams indicate
stable paleomagnetic behavior in 53% of the
samples, with demagnetization vectors aligned
along linear paths directed toward the origin
of vector component diagrams, after removal
of a viscous low-coercivity remanence com-
ponent at 5-10 mT up to 60-80 mT (Figs. 9B
and 9C). These samples were characterized by
the presence of low-coercivity minerals and do
not appear to have acquired any gyromagnetic
remanent magnetization (GRM). This excludes
the presence of significant amounts of greigite
and suggests that magnetite is the main mag-
netic carrier.

A least-square analysis (Kirschvink, 1980)
was applied to determine characteristic rema-
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nent magnetization (ChRM) directions for these
samples. The site-mean paleomagnetic direction
was calculated using Fisher (1953) statistics. In
all 19 samples, the ChRM component had a nor-
mal polarity, and the overall mean direction of in
situ coordinates was declination = 20.6 °C, incli-
nation = 62.6 °C, k= 13.1, 095 = 9.6°, whereas
in tilt-corrected coordinates, the mean direc-
tion was declination = 27.1 °C, inclination =
71.6 °C, k=13.1, 095 = 9.6° (Fig. 10).

Given the gentle inclination angle of the
stratigraphic section and the absence of marked
lateral changes in bedding attitude, it was not
possible to undertake a reliable fold test to
investigate the age of any isolated magnetic
component with respect to the bedding tilt.
However, whereas the mean paleomagnetic
direction for in situ coordinates is close to the
expected Geomagnetic Axial Dipole (GAD)
field direction for the sampling locality (decli-
nation = 0°, inclination = 61°), the mean paleo-
magnetic direction in tilt-corrected coordinates
shows an inclination value of 72°, which is sig-
nificantly higher than the expected inclination
for the sampling site. These observations cast
considerable doubt on the primary origin of the
normal polarity ChRM isolated in these sam-
ples, and they strongly suggest that the ChRM
is related to a secondary magnetic overprint
that happened after bedding tilt in magnetite-
bearing samples, as reported for other Tertiary
sections in the Mediterranean area (Lucifora et
al., 2012).

Remarks on the Stratigraphy of
the L’Aquila-Scoppito Intermontane Basin

This section provides new data and concepts
for revising the stratigraphy of the western part
of the L’Aquila Basin (Fig. 11), based on new
field observations of the synthems proposed
by Centamore and Dramis (2010), as well de-
scriptions of newly defined synthems in the
L’ Aquila—Scoppito intermontane basin.

Colle Cantaro-Cave Synthem

The Colle Cantaro-Cave synthem represents
the earliest deposits of the L’ Aquila—Scoppito
subbasin. It is present throughout the inter-
montane basin at the base of the basin-filling
succession, and it crops out locally along the
western margin of the subbasin (Centamore and
Dramis, 2010). Based on re-interpretation of the
Pettino 1 seismic reflection profile (Fig. 5), this
synthem appears to have been deposited during
an extensional (synrift) stage, when the activ-
ity of normal faults at the basin margins con-
trolled changes in the accommodation space.
Thus, its age is crucial for defining the onset of
the extension responsible for the development
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of the L’ Aquila—Scoppito intermontane subba-
sin. Unfortunately, there are no direct data from
the Colle Cantaro-Cave synthem to constrain
its age. However, a possible late Piacenzian—
Gelasian age for this synthem is suggested
(ca. 3.0-2.0 Ma).

Madonna della Strada Synthem

Interpretation of the Pettino 1 seismic reflec-
tion profile (Fig. 5, seismic unit L) points to a
postrift stage for the deposition of this synthem.
Accordingly, the unconformity surface at the
base of the synthem should correspond to the
breakup unconformity that separates the syn-
rift stage of the Colle Cantaro-Cave synthem
from the postrift stage of the Madonna della
Strada synthem. This interpretation is consis-
tent with the occurrence of a 1-3-m-thick pa-
leosol that, according to Centamore and Dramis
(2010), separates these two synthems. Based
on previous and new large mammal findings,
the age of the Madonna della Strada synthem
is well defined as early Pleistocene (Calabrian:
ca. 1.70-1.15 Ma).

Fosso di Genzano Synthem

The Pagliare di Sassa succession (Palombo et
al., 2010) pertains to the Fosso di Genzano syn-
them of Centamore and Dramis (2010). Consid-
ering both the chronological constraints from
large and small mammals at the Pagliare di Sassa
site and *Ar/*Ar dating of ash layers (Gaeta et
al., 2010), the Fosso di Genzano synthem can
be referred to the lower Middle Pleistocene
(ca. 0.72-0.40 Ma). According to Palombo et al.
(2010), paleomagnetic data from the Pagliare di
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Figure 11. Quaternary stratigraphy of the L’ Aquila—Scoppito subbasin (ASB) according to different authors. Centamore and Dramis
(2010) considered the Colle Cantaro-Cave synthem, at the base of the L’ Aquila—Scoppito subbasin fill, as lower Villafranchian (Pia-
cenzian). In Centamore and Dramis (2010) and Mancini et al. (2012), the question mark indicates a possible extension of the respec-
tive synthem or stratigraphic unit to the Gelasian (Madonna della Strada synthem) or the Piacenzian (Basal Conglomerates). In this
work, alluvial and colluvial deposits contain the Ponte Peschio synthem.
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Sassa succession support continuous deposition
from the late early Pleistocene to early middle
Pleistocene. However, based on the sequence of
unconformity-bounded stratigraphic units rec-
ognized within the L” Aquila—Scoppito subbasin
fill (Centamore and Dramis, 2010; Mancini et
al., 2012; this paper), this conclusion is open to
challenge. The marshy sediments of the Pagli-
are di Sassa core, between —30 to —24.5 m, are
better referred to the Madonna della Strada syn-
them, such that the oxidized surface at —24.5 m
(i.e., the exposure surface in Palombo et al.,
2010) corresponds to the erosional surface at
the unconformable boundary between the Ma-
donna della Strada synthem and the Fosso di
Genzano synthem.

Colle Macchione-L’Aquila Synthem

The Colle Macchione-L’Aquila synthem
unconformably overlies older Quaternary syn-
thems and Mesozoic and Tertiary bedrocks
(Fig. 12). It consists of breccias and megabrec-
cias with highly heterometric, poorly rounded
carbonate blocks that are mostly angular to sub-
angular in shape (Brecce dell’Aquila Aucto-
rum). These carbonate breccias show different
textures and sedimentological characteristics.
They can be characterized as clast-supported
open-work breccias to matrix-supported brec-
cias, usually well cemented but sometimes
also unconsolidated, and they can be both mas-
sive and stratified. Carbonate clasts are mainly
from the Mesozoic—Tertiary slope-to-basin
transitional facies (e.g., breccias deposits from
L’Aquila City hill). Source areas include the
Gran Sasso Chain, and the cataclastic rocks of
Mesozoic carbonate (e.g., breccias from Colle
Macchione ridge) derived from the active ex-
tensional fault zone at the base of the southern
slope of Mount Pettino. The sedimentologi-
cal characteristics of these carbonate breccias
point to air-lubricated inertial granular flows
(sturzstrom, sensu Hsii, 1975; Pierson and
Costa, 1987) produced by the southern slope
of the mountain chains at the northern margin
of L’ Aquila—Scoppito subbasin, possibly dur-
ing a late middle Pleistocene arid event. The
Colle Macchione-L’Aquila synthem includes
carbonate silt deposits that contain a monospe-
cific ostracod fauna consisting of Mixtacan-
dona stammeri (Klie, 1938) (sample AQ3 in
Fig. 6] here), which are typical of interstitial
waters. Those carbonate silts are interlayered
with the carbonate breccias of this synthem at
the eastern margin of L’ Aquila City, pointing
to large debris avalanches (sturzstrom, sensu
Hsii, 1975; Pierson and Costa, 1987) settling
in a fluvio-lacustrine environment at the base
of the mountain slope bordering the northern
margin of L’ Aquila—Scoppito subbasin.

The age of the Colle Macchione-L’ Aquila
synthem is not well constrained, although the
breccias are generally referred to a middle
Pleistocene age (Demangeot, 1965; Bosi et al.,
2003). A possible late middle Pleistocene age
(ca. 0.33-0.14 Ma) is supported by the stratig-
raphy of the Colle Macchione ridge and the age
of the overlying alluvial deposits of the Fosso
Vetoio synthem. At Colle Macchione, the Colle
Macchione-L’Aquila synthem unconformably
overlies fine- to coarse-grained cross-stratified
sands and laminated sandy silts, with interca-
lated thin layers of well-rounded, fine gravels at-
tributed to the Fosso di Genzano synthem. In ad-
dition, in the vicinity of San Salvatore Hospital,
alluvial deposits of the lower Upper Pleistocene
Fosso Vetoio synthem unconformably overlie
breccias of the Colle Macchione-L’ Aquila syn-
them. For these reasons, the Colle Macchione—
L’ Aquila synthem is considered to be younger
than the early middle Pleistocene (Fosso di
Genzano synthem) and older than the early late
Pleistocene (Fosso Vetoio Synthem, which rep-
resents upper Middle Pleistocene strata).

Fosso Vetoio Synthem

The Fosso Vetoio synthem consists of rounded
gravel, with abundant coarse sandy matrix, and
rare silty sandy lenses. Pebbles are mainly from
carbonates and typically occur as channelized
deposits. Above the gravel deposits, there is a
succession of rust-colored cross-stratified sand
and yellow silt, covered by grayish coarse sand
and silt, rich in volcanic minerals. The syn-
them reflects deposition in a braided fluvial
system active during the late Pleistocene in the
L’ Aquila—Scoppito subbasin. A well-preserved
alluvial terrace in the area of San Salvatore Hos-
pital shows an abandonment surface at around
640 m above sea level, ~20-25 m above the
present thalweg of the Aterno River. An early
late Pleistocene age for the Fosso Vetoio syn-
them is suggested by the morpho-stratigraphical
relationship between this unit and the younger
Campo di Pile synthem, which in turn is well
constrained by “C dating.

Campo di Pile Synthem

The Campo di Pile synthem is mainly com-
posed of matrix-supported, well-rounded grav-
els in a silty sandy matrix. The clasts are pre-
dominantly carbonates and more rarely bauxites,
suggesting source areas along the southern and
western margins of the L’ Aquila—Scoppito sub-
basin. The Campo di Pile synthem is interpreted
as alluvial deposits of an eastward-draining
river system. It defines a valley-confined strath
terrace with its depositional top at 10-13 m
above the present thalweg. This synthem cuts
into the Fosso Vetoio synthem and as well as
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both Lower Pleistocene strata and pre-Pliocene
bedrock. The thickness of this synthem is usu-
ally less than 5 m.

The age of the Campo di Pile synthem is
well constrained by “C dating of carbonized
plant remains from a section close to Ponte Pe-
schio, which gave a 20 age of 41,854-40,464
cal yr B.P, allowing correlation with MIS 3
(late Pleistocene). This age is in agreement with
remains of a lithic industry of Mousterian age
(late middle Paleolithic) in the gravels.

Ponte Peschio Synthem

The Ponte Peschio synthem is defined by a
thin alluvial cover on a few small remnants of the
youngest late Pleistocene fluvial terraces within
the L’ Aquila—Scoppito subbasin (Fig. 12). The
depositional top of the Ponte Peschio synthem
lies 5-7 m above both the Raio and the Aterno
thalwegs. Near the San Salvatore Hospital, it
is embedded in the Fosso Vetoio synthem and
carved into the Colle Macchione-L’Aquila
synthem, while at Ponte Peschio, it cuts into
the Campo di Pile synthem and directly into
pre-Pliocene bedrock. There, the Ponte Peschio
synthem may be interpreted as a strath terrace.

Aterno Synthem

This is the youngest synthem within the
L’ Aquila—Scoppito intermontane subbasin. Its
base cuts into the previous synthems, and in
places, it is carved directly into underlying pre-
Pliocene bedrock. This synthem includes all the
Holocene alluvial and colluvial deposits of the
L’ Aquila—Scoppito subbasin, which are related
to the erosional and depositional processes that
are still active in the intermontane basin.

TECTONO-STRATIGRAPHIC
EVOLUTION OF I’AQUILA BASIN AND
SURROUNDING REGIONS

Cessation of Shortening and Initiation
of Deposition in L’ Aquila Extensional
Intermontane Basin

The absence of outcrops of the oldest sedi-
mentary fill of most extensional intermontane
basins in central Italy, together with the scarcity
of biochronologically and/or geochronologi-
cally well-constrained stratigraphic successions,
has hindered attempts to define the timing of
their initial development. However, a maximum
age for the creation of the L’ Aquila—Scoppito
subbasin can be inferred from the age of the
latest shortening event that affected the area,
which was responsible for the onset of inter-
montane compressional basins (e.g., Conglom-
erati di Rigopiano) in the early Pliocene (top
Zanclean; Ghisetti and Vezzani, 1986; Patacca



Cosentino et al.

42°23'01.5”N
N

W Colluvial deposits
§g N EC  Holocene

N Alluvial deposits
&)

= AAR Holocene

)

-

M >
NS \\
\( ATP Ponte Peschio Synthem
\ upper Upper Pleistocene
Campo di Pile Synthem
ATC middle Upper Pleistocene

ATV Fosso Vetoio Synthem
lower Upper Pleistocene

Pediment deposits of Mt. Pettino

CwmP Upper Pleistocene

BC Colle Macchione-L’Aquila Synthem
upper Middle Pleistocene

Fosso di Genzano Synthem
lower Middle Pleistocene

SCM
FLB Madonna della Strada Synthem
Lower Pleistocene p.p.

ccs Colle Cantaro-Cave Synthem (not outcropping)
Upper Pli Lower Pleist p.p.

Siliciclastic turbidites

UAP ., pp.

Orbulina marls
UAM Tortonian p.p.-Messinian p.p.

CBL Shallow-water limestones
Lower-Middle Miocene

Scaglia Rossa Fm
SRP Paleocene

Detrital limestones with Fucoids
Lower Cretaceous p.p. - Upper Cretaceous p.p.

CCF

Detrital Maiolica Fm

MD UpperdJurassic p.p. - Lower Cretaceous p.p.
Corniola Fm

Cco LowerdJurassic p.p.
Normal fault

Inferred normal fault

<///¢LCTTERRRRURRERDOOO0

Inferred thrust fault
Detrital fan
W Margin of fluvial terrace
Q . .
- Trace of geological cross section
N
—500m— |~ _ ) .
N Trace of seismic reflection profile
.L 2 BAR 20 section
42°20'50”N
ma.s.l. masl
900+
800+
700+
6004 - = ;‘—Aﬁxirmw

5001 SO

Figure 5

ma.s.l
6504

6304

620

Figure 12. Geology of the L’ Aquila—Scoppito subbasin. PT1—trace of the Pettino 1 seismic reflection profile. In the A-B-C cross section,
the position of the PT1 seismic reflection profile (Fig. 5) is also shown; m a.s..—meters above sea level; p.p.—pro parte.

Geological Society of America Bulletin



Onset of the extensional intermontane basins of the central Apennines of Italy

et al., 1992; Ghisetti et al., 1993; Centamore et
al., 2006). According to these data, the maxi-
mum age for the onset of extension in the Gran
Sasso-L’Aquila area is the Zanclean-Piacenzian
transition (ca. 3.59 Ma).

According to Giaccio et al. (2012), the ear-
liest stage of basin development in the east-
ern part of the L’ Aquila Basin (Paganica—San
Nicandro—Castelnuovo subbasin) is as old as
2 Ma (Gelasian, lowermost early Pleistocene),
whereas Cavinato and DeCelles (1999) sug-
gested a Selinuntian age (early Pleistocene,

<1.8 Ma) for the onset of extension. In the west-
ern part of L’ Aquila Basin (L’ Aquila—Scoppito
subbasin), the Basal Conglomerates (Mancini et
al., 2012), corresponding to the basal infilling
of I Aquila—Scoppito subbasin (Colle Cantaro-
Cave synthem; Centamore and Dramis, 2010),
were attributed by Mancini et al. (2012) to the
lowermost Lower Pleistocene (Gelasian), and
tentatively to the Upper Pliocene (Piacenzian).
Centamore and Dramis (2010) tentatively corre-
lated the Colle Cantaro-Cave synthem with the
lower Villafranchian Mammal Age, that is, Up-

per Pliocene (Piacenzian; 3.59-2.58 Ma). These
contrasting ages demonstrate that the timing of
the L’ Aquila basal basin filling is still a matter
of debate.

To reduce these uncertainties, an attempt
was made (Fig. 13) to correlate the stratigra-
phy and tectonic setting of the L’ Aquila Basin
with those of other intermontane basins of the
central Apennines (Tiberino Basin—Basilici,
1995, 1997; Rieti Basin—Barisone et al., 2014;
Cosentino et al., 2014) and suggest their pos-
sible relation to Pliocene—Quaternary relative
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Figure 13. Correlation panel among different Pliocene—early Pleistocene stratigraphic sections from the Roman area and the main inter-
montane basins discussed in the text. The relative sea-level drop of ~260 m at the Gelasian-Calabrian transition, mainly related to uplift,
correlates the major stratigraphic discontinuities detected both in the Roman area and in the intermontane basins of the central Apen-
nines. UMS—Monteleone Sabino unit; SDS—San Demetrio synthem; m a.s.l.—meters above sea level. See Figure 1 for the legend of the
location map. ATNTS2004—Astronomical Tuned Neogene Time Scale 2004.
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sea-level changes of the Tyrrhenian Sea and the
Pliocene—Quaternary succession of Rome and
neighboring areas (Cosentino and Fubelli, 2008;
Cosentino et al., 2009).

In the eastern part of the L’Aquila Basin
(the Paganica—San Nicandro—Castelnuovo sub-
basin), the oldest deposits of the Lower Pa-
ganica—San Nicandro—Castelnuovo subbasin
synthem (2.0-0.78 Ma; Giaccio et al., 2012),
which are associated with a lake environment
(Limi di San Nicandro Auctorum, San Nican-
dro Formation—Bertini and Bosi, 1993; San
Demetrio synthem—Spadi et al., 2016), con-
tain ostracod assemblages characterized by the
presence of Caspiocypris spp. (Spadi et al.,
2016). These could possibly be correlated with
the ostracod fauna of the Fosso Bianco Forma-
tion of the Tiberino Basin (Upper Piacenzian—
Gelasian; Basilici, 1995, 1997; Napoleone et
al., 2003). Medici and Gliozzi (2008) and Spadi
et al. (2017) described the Tiberino Basin as a
fossil ancient-lake that gave rise to a Caspiocy-
pris species flock. The San Demetrio synthem
and the Fosso Bianco Formation are the only
post-Messinian deposits in Italy that are known
to bear this genus. This implies a link between
the lake deposits of the San Demetrio synthem
(’Aquila Basin) and the Upper Piacenzian—
Gelasian lacustrine succession of the Fosso Bi-
anco Formation (Tiberino Basin), indicating a
late Piacenzian age for the onset of deposition
in both intermontane basins.

Based on this correlation, the first phase of ba-
sin filling in the I Aquila Basin occurred during
the late Piacenzian—Gelasian interval. In the east-
ern part of the basin (Paganica—San Nicandro—
Castelnuovo subbasin, San Demetrio synthem;
Spadi et al., 2016), lake deposits give way to tran-
sitional deposits toward the former lake margins,
and finally to carbonate talus breccias associated
with the basin margin (Bertini and Bosi, 1993).
At the same time, in the western part of the ba-
sin (L’ Aquila—Scoppito subbasin), slope-derived
breccias, debris-flow deposits, and alluvial
clayey-sandy conglomerates of the Colle Cantaro-
Cave synthem characterize the first phase of ba-
sin fill. Based on the Pettino 1 seismic reflection
profile (Fig. 5), this latter synthem is represented
by the wedge-shaped seismic facies R, which was
deposited during the synrift stage of the L’ Aquila—
Scoppito subbasin, and it defines the onset of ex-
tension responsible for the development of the
L’ Aquila intermontane basin.

Postrift Evolution of L’Aquila Basin and
Surrounding Regions: The Gelasian-
Calabrian Transition

In L’ Aquila Basin, the Madonna della Strada
synthem (Calabrian) is cut into the abandon-

Cosentino et al.

ment surface of the San Demetrio synthem
(Valle Daria, 850 m above sea level), which re-
gionally corresponds to the Gelasian abandon-
ment surface of the Rieti basin fill (Barisone
et al., 2014; Cosentino et al., 2014; Fubelli et
al., 2014; Fig. DR1 [see footnote 1]). Simi-
larly, in the Tiberino Basin, above the Upper
Piacenzian—Gelasian lake sediments, a promi-
nent angular unconformity separates the Fosso
Bianco Formation from the overlying Lower
Pleistocene deposits of braided stream and
marshy alluvial plain origin (Santa Maria di Ci-
ciliano Formation; Basilici, 1995, 1997). This
younger unit bears large mammal faunas refer-
able to the Olivola, Tasso, and Farneta FUs (Up-
permost Gelasian—Calabrian pro parte; Sardella
et al., 2003). Thus, the Santa Maria di Ciciliano
deposits (Tiberino Basin) are correlatable with
the Calabrian deposits of the Madonna della
Strada synthem (L’ Aquila Basin). The Gelasian
abandonment surfaces of both the L’ Aquila and
Rieti intermontane basins (Fig. DR1 [see foot-
note 1]), as well as the angular unconformity
between the Fosso Bianco and the Santa Maria
di Ciciliano formations (Fig. 13), were probably
triggered by a 260 m relative sea-level drop (tec-
tonic uplift + glacio-eustasy) that occurred close
to the Gelasian-Calabrian transition at the Tyr-
rhenian margin of the central Apennines, as in-
dicated in the Pliocene—Quaternary succession
of the Rome area (Cosentino and Fubelli, 2008;
Cosentino et al., 2009).

In the I’ Aquila—Scoppito subbasin, the angu-
lar unconformity separating the Colle Cantaro-
Cave and the Madonna della Strada synthems
defines the boundary between the synrift and
postrift stages of the basin. The early postrift
stage of L’ Aquila Basin filling, which occurred
during the Calabrian, was mainly characterized
by the deposition of fine-grained deposits of the
Madonna della Strada synthem. The Pettino 1
profile shows variable thicknesses of the seismic
units that can be referred to the Madonna della
Strada synthem, implying a highly irregular top
of the bedrock during the postrift stage of the
L’ Aquila—Scoppito subbasin. A deep Calabrian
depocenter in the western L’ Aquila Basin, im-
aged in the Pettino 1 seismic profile (Fig. 5), in-
dicates that the Madonna della Strada synthem
reached thicknesses up to 200 m close to the
Mount Pettino active fault.

Based on the ostracod and mollusc assem-
blages from the BAR 20 section, combined with
the lithostratigraphy of the Lower Pleistocene
deposits of L’Aquila—Scoppito subbasin, in-
cluding at least five horizons of lignite, the fine-
grained deposits of the Madonna della Strada
synthem can be interpreted as deposits of flood-
plains with extensive swamps located close to
meandering fluvial channels.
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Although the Madonna della Strada syn-
them has been referred by all previous authors
to the early Pleistocene (Calabrian), its precise
age is a matter of debate. According to Magri
et al. (2010), the rich fauna of large mammals
(including a complete skeleton of Mammuthus
meridionalis; Maccagno, 1958, 1962, 1965;
Magri et al., 2010; Mancini et al., 2012) and
small vertebrates (Kotsakis, 1988; Esu et al.,
1992) discovered at the Santarelli quarry points
to the latest Villafranchian Farneta or Pirro FU
(ca. 1.6-1.2 Ma; Gliozzi et al., 1997). In con-
trast to this interpretation, Mancini et al. (2012)
referred the faunas of the Santarelli quarry to
both the Pirro and Colle Curti FU (latest Vil-
lafranchian to Epivillafranchian Mammal Ages;
ca. 1.4-0.9 Ma). More recently, new findings
from the upper part of the Madonna della Strada
synthem (BAR 20 section, Campo di Pile),
which include a nonadvanced form of Mam-
muthus meridionalis and scanty material refer-
able to Equus sp. and a large-sized cervid, were
considered by Agostini et al. (2012) to possibly
pertain to the Colle Curti FU (Epivillafranchian
Mammal Age). This conclusion leads to exten-
sion of the age of the Madonna della Strada
synthem up to the uppermost part of the Lower
Pleistocene (ca. 1.1-0.9 Ma).

In contrast, the large mammal assemblage
within the BAR 20 section, together with those
reported in Agostini et al. (2012) from the
same locality, suggests an age equivalent to the
Pirro FU (ca. 1.4-1.2 Ma), or slightly younger,
but definitely older than the Colle Curti FU
(ca. 1.1-0.9 Ma). Both early Pleistocene large
mammal sites from the L’Aquila—Scoppito
subbasin (Santarelli quarry and the BAR 20
section) are from the uppermost part of the
Madonna della Strada synthem, close to the
boundary with the Middle Pleistocene Fosso di
Genzano synthem. Thus, the discussed age con-
straints from the large mammals should be ap-
plied only to the uppermost part of the Madonna
della Strada synthem.

From a paleoclimate perspective, the palyno-
logical analyses carried out on samples from the
Santarelli quarry suggest the occurrence of a for-
est phase corresponding to a warm interglacial
period (MIS 37 or 35; Magri et al., 2010). How-
ever, the occurrence of Eucypris dulcifrons in the
ostracod assemblage from the BAR 20 section,
which is typical of the cold climate assemblages
of Pleistocene glacial intervals (Fuhrmann et al.,
1997; Fuhrmann, 2012), points to the occurrence
of a cool or cold climate phase. Both results
are consistent with early Pleistocene glacial-
interglacial climate changes in the intermontane
L’ Aquila Basin, possibly forced by the cyclical
variation of Earth’s orbital obliquity (e.g., 41 k.y.
cycle; Milankovitch, 1941).
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Youngest Tectono-Stratigraphic
Relationships in the Postrift Phase of
L’Aquila Basin Filling

After the two major phases of basin filling
(late Piacenzian—Gelasian and Calabrian), the
L’Aquila intermontane basin was affected by
five shorter tectono-sedimentary events. Those
events gave rise to deposition of Middle and Up-
per Pleistocene unconformity-bounded strati-
graphic units. Tectonically driven variations of
the local base level and/or climate changes were
responsible for the Middle to Upper Pleistocene
stratigraphic evolution of the L’ Aquila Basin.

The lower Middle Pleistocene Colle di Genz-
ano synthem is mainly related to the distal por-
tions of alluvial fans, laterally passing to alluvial
plains. The Colle di Genzano synthem is well
constrained by the appearance of mammalian
taxa typical of the Italian Epivillafranchian to
Galerian faunas, earlier than the Isernia La Pi-
neta FU (ca. 0.6 Ma; Palombo et al., 2010), as
well as by the occurrence of ash layers with a
P Ar/%Ar age of 520 + 5 ka (Gaeta et al., 2010).

In this paper, the Colle Macchione-L’ Aquila
synthem, which is mainly characterized by car-
bonate breccia and megabreccia deposits sup-
plied by sturzstroms (sensu Hsii, 1975; Pierson
and Costa, 1987) from the northern margin of
the L’ Aquila Basin, is considered to have been
deposited during an arid climate phase possibly
linked to a late middle Pleistocene glacial event.
Considering the relative stratigraphic position of
this synthem with respect to the Upper Pleisto-
cene deposits of the L’ Aquila—Scoppito subba-
sin, this glacial event could correlate with MIS
6 or MIS 8.

The Upper Pleistocene Fosso Vetoio, Campo
di Pile, and Ponte Peschio synthems reflect the
late Quaternary evolution of the L’Aquila Ba-
sin, which at that time was mainly characterized
by confined fluvial systems in narrow alluvial
braided plains with channelized gravel deposits
related to the Raio Stream and the Aterno River
(Fig. 12). Carbonized plant remains recovered
in the sandy layers of the Campo di Pile syn-
them allow this strath terrace to be constrained
to a “C 20 age of 41,854-40,464 cal yr B.P.
(MIS 3). Since that time, the fluvial system in
the L’ Aquila—Scoppito subbasin has incised at
a rate between 0.24 and 0.32 mm/yr, which is
consistent with the middle to late Pleistocene
incision rates estimated from cosmogenic nu-
clide data for the central-northern Apennines
by Cyr and Granger (2008). In contrast, higher
incision rates were estimated by Wegmann and
Pazzaglia (2009) for the northern Apennines us-
ing C deposit ages. These authors estimated
incision rate of 1.6 mm/yr for a 30 + 5 ka strath
terrace along the Bidente River valley (Ro-

magna, northern Apennines), whereas along the
Musone River (Marche, northern Apennines),
strath terraces show that bedrock incision pro-
ceeded at 0.6 mm/yr over the last 40 = 5 k.y.
The differences in the incision rates for adja-
cent northern Apennine basins could be related
to differences in lithology, river incision pro-
cesses, and/or local tectonics. However, from
the intermontane Tiberino Basin (central Apen-
nines), a calcareous tufa sample from a fluvial
terrace (82 + 7 ka) provided an incision rate of
0.3-0.35 mm/yr (Pucci et al., 2014), which is
comparable to the incision rate of the L’ Aquila
Basin over the past 40 k.y. Although fluctuations
in river incision rates over intermediate time
scales cannot be excluded, the results from the
Tiberino Basin imply a relatively steady incision
rate during the late Pleistocene for both these in-
termontane basins of the central Apennines. Fol-
lowing this assumption, ages of 71-89 ka (MIS
5a) and 18-25 ka (MIS 2) are suggested for the
Fosso Vetoio and Ponte Peschio synthems, re-
spectively, in L’ Aquila Basin.

The geometric relationships between the
L’ Aquila—Scoppito subbasin fill and the fault
planes also show a northeastward migration of
the fault deformation toward the present-day
Mount Pettino active fault at the northern mar-
gin of the L’ Aquila—Scoppito subbasin. This
is evident in the southern part of the Pettino 1
seismic profile, where some faults are sealed
by the seismic facies L (Madonna della Strada
synthem, upper Lower Pleistocene). Closer to
the Mount Pettino slope, they are sealed by the
seismic facies BC (Colle Macchione-L’ Aquila
synthem, upper Middle Pleistocene) and AD
(youngest deposits of the L’ Aquila—Scoppito
subbasin fill, Upper Pleistocene), and, finally,
the Mount Pettino active fault cuts through the
AD seismic facies (Fig. 5).

New Insights into the Evolution of
the Apennine Postorogenic
Extensional Domain

The late Piacenzian (ca. 3 Ma) onset of the
Tiberino and L’ Aquila extensional basins calls
into question previous suggestions that the on-
set of these basins becomes younger from the
Tyrrhenian toward the Adriatic side of the cen-
tral Apennines (Cavinato and DeCelles, 1999;
Galadini and Messina, 2004). Indeed, according
to the synrift ages of the intermontane basins
across the northern and central Apennines, only
two major extensional domains can be recog-
nized: (1) a late Miocene rifting event, which
includes all the late Miocene extensional basins
in Tuscany (Liotta, 1996; Pascucci et al., 1999;
Brogi, 2006); and (2) a late Pliocene to earliest
Pleistocene rifting event, which, in the central
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Apennines, possibly includes all the intermon-
tane basins from the Tiberino Basin to the Sul-
mona Basin (Fig. 14).

The time gap between shortening and exten-
sion that has been used to reconstruct both a
seismotectonic model for central Italy (Lavec-
chia et al., 1994) and a model to estimate the
rate of rock uplift in the contractional part of
the Apennines (Cavinato and DeCelles, 1999) is
questioned. These models assume that the cen-
tral Apennine extensional deformation migrated
eastward ~2 m.y. after the Apennine compres-
sional front. Although this temporal evolution of
deformation could be true for L’ Aquila Basin,
for the Tiberino Basin, which records late Serra-
vallian (ca. 12 Ma) compressional deformation
(Belvedere-Vallocchia thrust-top basin; Cipol-
lari and Cosentino, 1997; Fig. 15) and a late
Pliocene—early Pleistocene synrift stage (Col-
lettini and Barchi, 2002; Pucci et al., 2014), the
time gap between compression and extension is
much longer (~ 9 m.y.).

The different time gaps between compres-
sional and extensional deformation at any given
locality in the central Apennines (Fig. 15) could
indicate a partial decoupling of processes re-
sponsible for the migration of shortening and
extension toward the foreland. These processes
include (1) convergence and rollback of the
subducting plate, responsible for the migration
of the compressional front toward the foreland
(e.g., Doglioni et al., 1997; Funiciello et al.,
1999; Faccenna et al., 2001; Carminati and
Doglioni, 2012), and (2) mantle upwelling, re-
sponsible for the development of the hinterland
extensional domain, the uplift of the compres-
sional tectonic wedge, and intermontane ex-
tensional basin formation (e.g., Dewey, 1988;
Doglioni, 1995; Faccenna et al., 1996; Cavinato
and DeCelles, 1999; D’Agostino et al., 2001;
Fig. 16). Observation of diachroneity between
the eastward migration of the shortening in
the foreland and extension in the inner part of
the orogen supports the notion that the central
Apennines were created as a result of a partially
decoupled collision zone. It could be due to
the occurrence of large hydrated and partially
molten low-viscosity areas in the mantle wedge
above the subducting slab of the Adria plate. A
similar geodynamic setting has recently been
suggested for the northern Apennines of Italy
(Faccenda et al., 2009) to explain the thin crustal
wedge and the bimodal distribution of stresses
within the orogen, with compressional stress in
the foreland and extensional stress in the inner
part of the northern Apennines. A similar tec-
tonic scenario characterizes the western Pacific
subduction zones, which show seismic decou-
pling and back-arc spreading, such as Mariana,
Kermadec, South Tonga, South Ryukyu, etc.
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(e.g., Kanamori, 1977; Uyeda and Kanamori,
1979; Scholz and Campos, 1995), as well as the
eastern Mediterranean subduction zone of the
Aegean system (Bohnhoff et al., 2001; Burov et
al., 2001; Faccenna et al., 2003; van Hinsbergen
et al., 2005).

As indicated by the high seismicity that
characterizes the youngest fault planes in the
central Apennine intermontane basins (Col-
lettini and Barchi, 2002; Falcucci et al., 2011;
Tallini et al., 2012; Storti et al., 2013; Gori et
al., 2014; Pucci et al., 2014), the extensional
deformation responsible for the creation of
these basins is still active over the whole do-
main that was affected by the late Pliocene—
early Pleistocene synrift extension (from the
Tiberino Basin in the west to the Sulmona
Basin in the east). In this scenario, the inter-
montane basins of the central Apennines re-
cord ~3 m.y. of continued crustal extension
in response to a first phase of mantle upwell-
ing above the Adria subducting slab (from 3
to 2 Ma; Fig. 16) and a second phase of dy-
namic mantle upwelling possibly starting from
ca. 2 Ma, probably due to slab detachment
under the central Apennines (Faccenna et al.,

2014). The second phase of mantle upwelling
could be responsible for the strong tectonic
uplift (~260 m) that occurred in central Italy
close to the Gelasian-Calabrian transition
(Cosentino et al., 2009), which possibly in-
duced the early Pleistocene reorganization of
the central Apennine drainage systems (Fubelli
et al., 2014; Piacentini and Miccadei, 2014).

CONCLUSIONS

The extensional intermontane basins of
central Italy are a good example of tectoni-
cally controlled sedimentary basins developed
in the postorogenic phase of a mature orogen.
Their fill reveals the timing and modalities of
postorogenic extensional tectonics that have
been affecting the Apennines of Italy since the
late Pliocene. New insights into the tectono-
stratigraphic evolution of L’Aquila Basin and
comparison with the evolution of the Tiberino
Basin allow the major regional events of their
geological history to be identified. Ostracod
assemblages from these basins indicate that
the lake deposits of the San Demetrio synthem
(Limi di San Nicandro Auctorum, L’Aquila
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Basin, Paganica—San Nicandro—Castelnuovo
subbasin) correlate with the Upper Piacenzian—
Gelasian Fosso Bianco Formation (Tiberino Ba-
sin). In the western part of the L’ Aquila Basin
(L’ Aquila—Scoppito subbasin), deposits belong-
ing to this first phase of basin filling form the
Colle Cantaro-Cave synthem (Upper Piacen-
zian—Gelasian). The Pettino 1 seismic reflection
profile, which is close to the northern margin
of the L’ Aquila—Scoppito subbasin (southern
Mount Pettino slope), shows wedge-shaped
seismic facies characterizing the older basin fill
of the western L’Aquila Basin (i.e., the Colle
Cantaro-Cave synthem). These observations
are consistent with a late Piacenzian—Gelasian
synrift stage being responsible for the develop-
ment of the L’ Aquila extensional intermontane
basin. The same age is indicated for the onset of
the Tiberino and L” Aquila Basins, which calls
into question previous suggestions that the ex-
tensional intermontane basins become younger
moving from the Tyrrhenian side toward the
Adriatic side of the central Apennines.

No lake environments developed in the
L’Aquila Basin after the Gelasian-Calabrian
unconformity (Madonna della Strada synthem).
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During the Calabrian stage (1.82-0.78 Ma),
floodplains with extended swamp areas close
to meandering fluvial channels developed. New
large mammal findings from the BAR 20 sec-
tion, coupled with previously reported mamma-
lian fauna from the Santarelli quarry (Magri et
al., 2010) and the BAR 20 section (Campo di
Pile; Agostini et al., 2012), indicate an age re-
ferable to the Pirro FU, or slightly younger, but
definitely older than the Colle Curti FU.

The main active faults of the extensional fault
system responsible for the onset of the L’ Aquila

intermontane basin migrated from southwest
to northeast, reaching the present position of
the active Mount Pettino normal fault only
in late Pleistocene—Holocene times. The late
Pleistocene evolution of the western part of the
L’Aquila Basin (L’ Aquila—Scoppito subbasin)
was characterized by the development of at least
two strath terraces. The older Campo di Pile
synthem correlates with MIS 3, as it has a “C
26 age of 41,854-40,464 cal yr B.P. From this
age, late Quaternary river incision rates between
0.24 and 0.32 mm/yr can be estimated, which
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are consistent with incision rates suggested for
the northern and central Apennines since the
middle Pleistocene (Cyr and Granger, 2008;
Pucci et al., 2014). In addition, assuming these
incision rates to be constant for the L’ Aquila Ba-
sin from late Pleistocene to present time, then
ages of 71-89 ka (MIS 5a) and 18-25 ka (MIS
2) for the Fosso Vetoio synthem and the Ponte
Peschio synthem are indicated.

From a plate-tectonics perspective, a partial
decoupling of the roll-back of the subducting
Adria plate and episodes of mantle upwelling
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beneath the overriding plate (Apennines) could
explain the different time gaps between com-
pressional and extensional deformation in the
late Neogene—Quaternary tectonic record of the
central-northern Apennines. These new insights
into the evolution of the central Apennine posto-
rogenic extensional domain, which represents
an archive of ~3 m.y. of continued crustal ex-
tension, may be useful in constraining the long-
term (Pliocene—Quaternary) extension rates in
the central Apennines, as well as providing a
more reliable basis for seismotectonic models
for one of the most seismically active sectors of
the central Mediterranean region.
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