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1. Geological and tectonic setting of the Apennines and the Calabrian Arc

Most reviews of the late-Tertiary evolution of the Tyrrhenian-Apennines system emphasize the
eastward  migration during the Neogene or paired extensional (in the west) and
compressional (in the east) belts, together with flexural subsidence of the Adriatic foredeep
and volcanism, all of which are envisaged as responses to the “roll-back’ of the subducting
Adriatic-lonian lithosphere (Fig. 1, Elter et al., 1975; Royden, 1993; Serri et al., 1993;
Malinverno and Ryan 1996; Faccenna et al., 1996; Jolivet et al., 1998). Thus the
progressively eastward-younging foredeep and syn-rift deposits in the Apennines record the
coeval activity and migration o? the paired compressionqﬁextensiond belts in the Neogene
(Patacca et al., 1990). However, during the Quaternary the flexural  subsidence,
compressional deformation and eastward retreat of the subduction hinge all decreased
dramatically (Patacca et al., 1990; Kruse and Royden, 1994; Cinque et al., 1993) and the
Apennines Eeccme dominated by crustal extension and vertical movements. Seismic reflection
profiles in the Adriatic Sea show that the Mesozoic-Cenozoic sequence which is deformed by
thrust anticlines is in turn overlain by prograding Quaternary deltaic sequences fed by streams
draining the eastern flank of the Apennines, with little evidence of compressional de?:)rmation
after the Early Pleistocene (Dondi et al., 1985; Ori et al., 1993; Argnani et al., 1997). This
Quaternary depositional pattern marks a dramatic change in subsigence rate and sediment
supply from the Pliocene, during which up to 7,000 m of sediment accumulated in a flexural
trougK close to the thrust front (Bigi et al., 1992). The Quaternary evolution thus involves the
final infilling and extinction of the Mio-Pliocene Adriatic foredeep (Ori et al., 1993) and a
regional NE tilting of the whole Adriatic coastal belt of central ltaly (Dufaure et al., 1989;
Dramis, 1992; Kruse and Royden, 1994).
Evidence of present-day thrusting is contained in weakly deformed and tilted Quaternary
deposits (Bigi et al., 1997) and moderate compressional seismicity on the NE side of the
Northern Apennines (Frepoli and Amato, 1997) where intermediate seismicity down to a
depth of 90 km may suggest that subduction is still active (Selvaggi and Amato 1992). In the
area of the central Apennines that is currently undergoing extension, normal faulting has been
active since the Upper Pliocene-Early Pleistocene (Patacca et al., 1990; Bosi and Messing,
1991). Normal faults cut a bedrock sequence dominated by resistant Mesozoic limestones and
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Fig. 1 - Simplified scheme of the evolution of the Tyrrhenian-Apennines system
(modified from Faccenna et al., 1999).
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less resistant Upper Miocene flysch that were previously deformed by NW-SE striking
Neogene thrust faults (Parotto and Praturlon, 1975; Bigi et al., 1992). This extension is
responsible for Pleistocene intermontane basins that are partially filled with alluvial, fluvial and

lacustrine deposits and coarse conglomerates or breccias (Cavinato et al., 1993b; Cavinato
and DeCelles, 1999).
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Fig. 2. (a) Hypocentral map of Southern Tyrrhenian seismicity from 1988 to 1993; (b) NW-SE vertical section
showing the events located within the box in (a). From Selvaggi and Chiarabba (1995).
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More to the south, in the Calabrian arc, the Apennines are a narrow, rugged peninsula,
underlain by pre-Alpine plutonic and metamorphic rocks, continenta omc!O oceanic
metamorphic rocks (“Complesso Ofiolitico”, Auct.) overlain tectonically Mesozoic carbonates
and F|yscEes (Ogniben, 1973; Amodio-Morelli et al., 1976; Dietrich, 1976; Lanzafame et al.,
1979; Critelli, 1990). Similarly to the rest of ltaly, since the late lower Pleistocene, the
Calabrian arc was affected by extensional tectonics and regional uplift (Vezzani, 1968;
Tortorici, 1980, Tortorici, 1981; Ciaranfi et al., 1983; Lanzafame and Tortorici, 1981;
Boccaletti et al., 1984; Colella et al., 1987; Moretti, 1993; Tortorici et al., 1995; Moretti and
Guerra, 1997) and its present dynamics is well expressed by crustal and subcrustal seismicity
(Gasparini et al., 1982; Ghisetti and Vezzani, 1982; Cristofolini et al., 1985; Tortorici et al.,
1995; Monaco and Tortorici, 2000). The distribution of epicenters and the relative focal
mechanisms indicate the activity of extensional N-S fault systems mainly inland and strike-slip
and compressional activity off-shore the lonian coast (Amato et al., 1997; Frepoli and Amato,
2000; Monaco and Tortorici, 2000). The location of intermediate and deep earthquakes (Fig.
2) allows to define the geometry of the southern Tyrrhenian subduction zone (Amato et a?,
1997). The seismicity distribution and tomographic images reveal a continuous 40-50
km thick slab that abruptly increases its W-NW dip from sub-horizontal in the lonian Sea
to a 70° dip in the Tyrrhenian (Gasparini et al., 1982; Kiratzi, 1994; Bruno et al., 1995;
Selvaggi and Chiarabba, 1995; Lucente et al., 1995; Frepoli et al., 1996; Piromallo and
Morelli, 1997).

2. Geological and geomorphological evidence of Quaternary regional uplift

Various geological and geomorphological data indicate that a widespread surface uplift
occurred during the Quaternary (Demangeot, 1965; Ambrosetti et al., 1982; Dufaure et al.,
1989; Dramis, 1992), when the tectonics of the Apennines was already dominated by
crustal extension. Scattered outcrops of highly dissected marine Messinian—Lower Pliocene
conglomerates, weakly deformed by later compressional structures and frequently made up of
clasts (granites, metamorphic roc(s) whose source area is hundreds of kilometers distant
(Accordi and Carbone, 1988), are found in the Apennines at high elevations (>1,500m in
the Gran Sasso range), indicating that profound changes in e?evction and morphology
occurred in the Quaternary. One of the most significant effects of the uplift is found in the Tiber
river valley close to the Tyrrhenian coast (Fig. 3). Here an Early Pleistocene shoreline that is
continuously exposed for almost 100km has been uplifted to an elevation of 200—400m
(Ambrosetti et al., 1987; Alfonsi et al., 1991; Girotti and Piccardi, 1994). This ancient
shoreline follows the long-axis of the Apennines and provides an important reference for the
evaluation of vertical movements. It shows almost no short-wavelength deformation over its
nearly continuous exposure, but smoothly decreases in elevation to the south, suggesting that
it was raised by a large-wavelength regional uplift rather than by localized fault activity, which
is apparently responsible only for minor local effects (Alfonsi et al., 1991).

Paleontological analyses (Gliozzi and Mazzini, 1998) in the more western parts of the Rieti
and Terni basin fills showed the existence of brackish marshes influenced by the contiguous
Early Pleistocene Tyrrhenian Sea, showing that the basin floors were approximately at sea-
|ever and that were significantly up|iHec? after the Early Pleistocene. Remnant Neogene-
Pleistocene marine deposits found by Marinelli et al. (1993) in the Latium and Tuscany areas
on the Tyrrhenian side of the Apennines increase in elevation to the NE, also supporting the
suggestion of regional uplift. On the NE side of the Apennines the Adriatic foothills are
characterized by a NE-dipping Pleistocene sequence made up of fine-grained marine
deposits passing upward into sandy and conglomeratic deltaic deposits at the top of the 3
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Quaternary sequence (Cantalamessa et al., 1986; Ori et al., 1993). From the
geomorphological point of view the whole Adriatic coastal region of central ltaly displays a
homogeneous evolution in the Quaternary, characterized by a regional NE tilting that is
clearly reflected in the NE-trending parallel drainage network (Demangeot, 1965; Dufaure,
et al., 1989; Dramis, 1992). Furthermore, transitional fluvial to marine Lower-Middle
Pleistocene deposits at the top of the Quaternary sequence are uplifted up to 500 m some
kilometers inland of the coastline (Fig. 3; Cantalamessa et al., 1986; Bigi et al., 1995), giving
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Fig. 3. Shaded relief map with faults active in the Late Pleistocene-Holocene from Galadini and Galli (2000),
major Neogene thrust fronts and historical earthquakes. Soft shading on the Adriatic side of the Apennines

represents Lower Pleistocene transitional conglomerates closing the Quaternary sequence. On the Tyrrhenian
4 side the trace of the Early Pleistocene shoreline is also shown.
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an indication of the amount of uplift on the Adriatic side. A precise evaluation of regional
uplift rates in the Middle-Late Pleistocene is hampered by the relative scarcity of remnant
shoreline deposits and uncertainties in their ages, especially on the Adriatic coast.
Nevertheless, approximate long-term uplift rates have been derived by Bigi et al., (1995)
obtaining values ranging between 0.3 and 0.5 mm/yr over the last 1 Ma. Similar values (0.1-
0.26 mm/yr) can be estimated for the long-term upﬁﬁ on the Tyrrhenian side on the basis of
the elevation (200—400 m) of the Early Pleistocene shoreline (1.5-2 Ma). These rates are
likely to be higher along the central axis of the Apennines itself. The geological and
geomorphological data summarized above suggest a general doming of the Central
Apennines on a wavelength larger than 150—200 km during the Quaternary. A post-
700kyr regional bulging of the Southern Apennines is envisaged by Bordoni and Valensise
(1999), based on the e?evotions of marine deposits of “Tyrrhenian’ age (corresponding to
isotopic stage 5e of 125 ka). A similar Quaternary evolutionary pattern has been also
described by Argnani et al. (1997) for the Northern Apennines, showing that the regional
Pleistocene doming is a process that affected the whole Italian peninsula.

The effects of the regional uplift that affected the whole Italian peninsula in the Quaternary
are also present in the Calabrian arc, where in previous subsiding basins the uplift produced
a marine regression in the late lower Pleistocene (Tortorici, 1980; Colella et al., 1987; Moretti,
1993). In middle-upper Pleistocene the interaction between the regional uplift and the glacio-
eustatic variations generated sequences of both marine and fluvial terraces that oﬁ’ow to
compute and uplift rate of 0.6-1.0 mm/yr (Tortorici, 1980; Lanzafame and Tortorici, 1981;
Carobene and Damiani, 1985; Carobene et al., 1986; Colella et al., 1987; Colella, 1988a,b;
Gliozzi, 1988; Carobene et al., 1989; Carobene and Dai Pra, 1990; Palmentola et al., 1990;
Carobene and Ferrini, 1991; Moretti, 1993; Sorriso-Valvo and Sylvester, 1993; Westaway,
1993; Sorriso-Valvo et al., 1996b; Cucci and Cinti, 1998; Mauz and Hassler, 2000; Molin et
al., 2001). Another morphological evidence of the broad uplift is a rolling upland of subdued
local relief standing at the higher elevations of the present topography (van Genderen, 1970;
Dramis et al., 1990; Sorriso-Valvo and Sylvester, 1993; AAVV., 1995: Gabriele et al., 1997;
La Pera and Sorriso-Valvo, 2000; Molin, 2001). This landform is a relic of an ancient
landscape that developed before late lower Pleistocene, in conditions of base level stability, of
very low tectonic activity or of compensation between surface processes and morphological
effects of tectonics (van Genderen, 1970; Dramis et al., 1990; Gabriele et al., 1997; Molin,
200T1).

3. Quaternary stratigraphy of the Apennines intermontane basins

The stratigraphy of the Quaternary intermontane basins in the central Apennines basins has
been stud?ed closely and synthesized in the studies by Cavinato et al. (1993b) and Bosi and
Messina (1991) among others. Lithological and paleontological correlations throughout these
basins highlight common regional tectonic and climatic controls in addition to the influence of
the basin-bounding normal faults. The first deposits associated with the formation of the
intermontane basins consist of coarse-grained breccias and  conglomerates generally
assigned to the Upper Pliocene - Early Pleistocene (Demangeot, 1965; Cavinato et al., 1993b;
Bosi and Messina, 1991; Bagnaia et al., 1989). Low-relief surfaces, locally preserved above
the major calcareous ridges (Demangeot, 1965; Bosi and Messina, 1991; Dramis, 1992) and
occasionally correspond?ng to outcrops of these early breccia deposits, are significantly
dissected and fragmented by erosion and tectonic deformation. A progressive younging in the
age of the oldest deposits of the intermontane basins is observed from west to east, with
Middle-Late Pliocene sediments at the bottom of the the westernmost basins (Terni and Rieti) 5
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and Early Pleistocene sediments at the bottom of the more eastern ones (Sulmona and
Colfiorito; see Fig. 3 for location).The Early Pleistocene is characterized by lacustrine
environments in most of the intermontane depressions, recorded by widespread lake beds
that are revealed within the incised basin fills (Michetti and Serva, 1990; Bosi and Messina,
1991; Cavinato et al., 1993b) or have been drilled (GE.MI.NA., 1962). The Early-Middle
Pleistocene lacustrine deposits are generally overlain by units that are transitional from
lacustrine and low-gradient fluvial environments to coarser deposits representative of alluvial
fans (Blumetti and Dramis, 1992; Miccadei et al., 1998). This transition is frequently marked
by erosion and incision of the lake beds so that the Middle Pleistocene deposits are often
entrenched and unconformably overlie the fluvial-lacustrine units. In some cases depositional
surfaces are preserved within the lacustrine and fluvial deposits while in others it is more
difficult to estimate the amount of incision of the fluvial-lacustrine sequences. After the Middle
Pleistocene, deposition of lacustrine sediments in the intermontane basins was drastically
reduced and continued only in basins that maintained internal drainage. During the
Pleistocene abundant pyroclastic materials derived from alkaline-potassic volcanic centers on
the Tyrrhenian coast provide radiometrically datable tephra layers interbedded within the
continental sequences (Cavinato et al., 1993b; Miccadei et al., 1998).

In summary, the intermontane basins generally record a history in which the Early-Middle
Pleistocene continental fluvial-lacustrine environments were later incised and covered by alluvial
fans. This succession is consistent with the capture of internally-draining, fault-bounded basins
by the regressive headward erosion of major regional streams cutting down to a lower base
level. The changes in facies and environment are unlikely to be climatically induced, since some
closed lake basins, such as Fucino, have survived to modern times. Over the Quaternary as a
whole, this evolution is also typical, with slightly different timing, of the intermontane basins of
the Northern (Argnani et al., 1997) and Southern Apennines (Capaldi et al., 1988).

4, Distribution of active deformation in the Apennines and Calabrian arc

Earthquake focal mechanisms show that the central Apennines are undergoing NW-SE
extension, with seismicity concentrated along the main topographic ridge (Anderson and
Jackson, 1987; Amato et al, 1997) on active normal faults that overprint earlier
compressional structures (Vittori et al., 1997; D’Agostino et al., 1998; Fig. 4).

The total rate of extension across the Apennines is not yet well constrained. Seismic moment
summations yield estimates between 0.9 and 3.5mm/yr (Jackson and McKenzie, 1988;
Pondrelli et al., 1995) but are likely to be imprecise as the seismicir{ is relatively low and
dominated by a few large events. Analysis of the deformation revealed by the Italian first-
order triangulation networks in the interval 1865-1963 yields estimates of 3mm/yr as an
upper bound for the extension rate accommodated in the central Apennines (Hunstad and
England, 1999). Both earthquake slip vectors and VLBl measurements suggest the motion of
the Adriatic relative to Europe can be described by rotation about a pole in northern ltaly
(Anderson and Jackson, 1987; Ward, 1994), with the VLBI data predicting an extension rate
in the Apennines of about 3mm/yr at the 43\degr N increasing southward to 6mm/yr at the
latitude of Matera (Fig.5). First GPS estimates of active crustal extension (D’Agostino et al.,
2001) show that strain accumulation in the interval 1994-1999 is concentrated in a 40 km
wide belt extending at a rate of 6é£2mm/yr (1 o). The low levels of internal deformation in the
Adriatic Sea suggest that much of the extension in the Apennines is absorbed by shortening in
the Dinarides (Anderson and Jackson, 1987) with some also accommodated in the external
part of the Northern Apennines (Frepoli and Amato, 1997). The pattern of active deformation
in the Apennines (Figs. 4 and 5) is revealed by the historical and instrumental seismicity and
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associated with strong (M > 5.5) earthquakes in Central - Southern ltaly (modified from GNDT, 2000; Michetti
et al., 2000).
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Fig. 5. Seismotectonic map of central Italy. Dark shading represents area above elevation 500 m. Focal

mechanisms are from the Harvard CMT catalogue. Active faults (thick lines) are from Galadini and Galli
(2000) and Valensise and Pantosti (2000). 7
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by the distribution of faults that have been active in the Late Pleistocene and Holocene. The
historical and instrumental seismicity is generally confined to a belt whose width varies along
the length of the Italian peninsula. In the northern and southern Apennines the active belt is only
20—30km wide and may correspond to a single active fault system (Valensise and Pantosti,
2000). However, in the central Apennines (approximately between the latitudes of 41.5 N and
42.5 N) the largest earthquakes (Selvaggi, 1998) and the faults active in Late Pleistocene and
Holocene time seem to be distributed over a broader width of at least 50 km and involve at
least two major sub-parallel fault systems.
The increase in width of the actively extending belt in the central Apennines is associated also
with an increase in average elevation and the across-strike width of the Apennine topographic
belt itself. In this central area the eastern normal fault system bounds the Laga and Gran Sasso
massifs (Blumetti et al., 1993; Giraudi and Frezzotti, 1995) and the Sulmona basin (Vittori et
al., 1995), while the western one starts from the northern end of the I’Aquila basin, crosses
the Velino-Sirente massif, bounds the Fucino basin, and continues southward through the
Marsica region. The western fault system has produced several substantial earthquakes in the
last thousand years (Fig. 2). The last shock (I_max=X MCS; Boschi et al., 1999) of a sequence
that occurred in 1703 is thought to have ruptured the fault system in the upper Aterno valley
(Blumetti, 1995; Cello et al., 1998a). Trenching studies along the Ovindoli fault in the Velino-
Sirente massif have revealed a previously unknown earthquoie that occurred between 860AD
and 1,300AD (Pantosti et al., 1996). The normal fault system bounding the Fucino basin is
known fo have ruptured in 1915 (M 6.9) when co-seismic surface faulting was described at the
time by Oddone (1915) and later re-investigated by others (Serva et at., 1988; Michetti et al.,
1996). In 1984 the southern Latium earthquakes (M 5.8 and 5.2) occurred in the Marsica region
SE of the Fucino basin (Westaway et al., 1989). The eastern fault system shows evidence of
Late-Pleistocene to Holocene activity (Galadini and Galli, 2000) but can not be associated with
any known historical earthquakes with the possible exception of the Aremogna fault which may
have been activated in the 1349 earthquake (Valensise and Pantosti, 2000).
This apparent quiescence may suggest that the eastern system is now inactive and that
extension is taken up only by the western fault system. Alternatively, it may indicate that
seismicity is clustered episodically on to a single fault system with cycles whose time scale
(perhaps 1024—10/75years) is longer than the ﬁistoricoﬂ or paleoseismological
catalogue: a suggestion that has also been inferred from geomorpho[;gicod or historical
data in Nevada, Turkey and Greece (Wallace, 1987; Ambraseys, 1989; Jackson and
Leeder, 1994; Jackson, 1999) and which has some support ?t,'om numerical models
(Cowie, 1998). Further insights are provided by GPS measurements in the interval 1994-
1999 (D’Agostino et al., 2001) showing significant active strain accumulation across the
western fault system suggesting also the possible existence of another undetected active
fault system more to the SW. This summary of the active deformation in the central
Apennines highlights two main points: (1) that the active extension is concentrated along
the main topographic ridge of the Apennines, and (2) that the increase in width of the
actively extending belt between 41.5 N and 42.5 N correlates with the higher elevation
and increased width of the topographic belt.
The Quaternary tectonic activity of the Calabrian arc (Fig. é) is mainly represented by
N-S and NNE-SSW extensional fault systems that extend all along the inner flank of the
arc(Tortorici et al., 1995). According to the age of faulted rocks and to morphological
featuresof the fault scarps, vertical slip rates of 0.5-1.2 mm/yr for the last 700 kyr ﬁqve
been computed (Monaco and Tortorici, 2000). This strong activity is confirmed b
historical and instrumental data about earthquakes occurred since 1,000 AD (Postpischr:
1985; Boschi et al., 1995, 1997). These data show a distribution of crustal seismicity of
8 M 5, concentrated mostly along the above mentioned fault systems, although several
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Fig. 6. Seismotectonic map of the Calabrian arc and eastern Sicily. Topography is from 1:100.000 topographic
maps of Istituto Geografico Militare. Crustal seismicity (H < 35 km) (Postpischl, 1985; Boschi et al., 1995,
1997) and focal mechanisms of more recent events are from Cello et al. (1982), Gasparini et al. (1982),

Anderson and Jackson (1987) and Amato et al. (1991). Numbers refer to fault segments: 1, Castrovillari; 2,
Fognano Castello; 3, S. Marco-S. Fili; 4, Montalto-Rende; 5, Capo Vaticano; 6, Serre; 7, Cittanova; 8, S.
Eufemia; 9, Scilla; 10, Reggio Calabria; 11, Lipari Vulcano; 12, Messina-Taormina; 13, Piedimonte; 14, S.
Alfio-Acireale; 15, Western offshore; 16, Avola; 17, Rosolini-Pozzallo. (From Monaco and Tortorici, 2000).
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events occurred more to the east inland and in the lonian sea (Moretti et al., 1990;
Chiodo et al., 1992; Monaco and Tortorici, 2000).
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