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a b s t r a c t

Published and new data exist for relative sea-level change for 105 locations (127 samples) during the late

Holocene, along the Italian (and Istrian) coasts. These data, compared with predictions (derived from two

different models associated with the last glacial cycle) allowed the calculation of the tectonic vertical

movements. They are based on precise measures of geomorphological and archaeological markers

between 0.4 and 12.6 ka cal. BP, sampled at elevations between þ7 and "51 m. In order to decipher the

broad pattern of Holocene tectonic vertical movements along the Italian coastline, these data were

compared with predicted sea-level curves using the most recent models published for the Mediterranean

sea. Tectonic rates varied from "4.85 mm/a, in a core at Sybaris, to 5 mm/a, in the volcanic areas of

Pozzuoli and Pantelleria. New MIS 5.5 (125 ka) data, mostly from the Venetian plain, are reported. In

particular the depth of the base of MIS 5.5 paralic deposits found in four cores near Venezia provides

a mean subsidence of 0.62 mm/a. New, precise mass spectrometer U-Th analyses on Cladocora layers

from the bottom of a long core (named ENEA), indicate older ages (195.7# 1.6 and 161.2# 1.2 ka,

respectively), relative to the published MIS 5.5 ages, which were based on alpha-counting U-Th data.

Instrumental data obtained from tide gauges and repeated levelling measurements from the NE Adriatic

and Sicily are also considered. These methods have one great advantage with respect to continuous GPS

measurements and the satellite altimetric observations, in that a much greater time span is available.

Although the altimetric measurements are available for 16 years, and the GPS for less than a decade,

repeated levelling lines cover up to 50 years and tide gauge observations in some cases to 100 years or

more. The greater time span allows for more stable differential rate estimates. The repeated levelling

shows that the plain east of Mestre is subsiding (to "4 mm/a). The Messina tidal gauge demonstrates

a total coseismic and post-seismic subsidence of 77 cm associated with the event of 1908, the post-

seismic phase lasting for at least 13 years. The Reggio Calabria tidal station points to an uplift of this

station relative to Palermo in the order of 1–2 mm/a.

! 2008 Elsevier Ltd and INQUA. All rights reserved.

1. Introduction

Sea-level change is the sum of eustatic, glacio-hydro-isostatic,
and tectonic factors. The first is global and time-dependent, while

the latter two vary with location, including sediment load,
compaction and anthropogenic motions. Lambeck et al. (2004a)
defined ‘‘tectonic factors’’ to include all movements that are not
eustatic and isostatic. In Italy, the glacio-hydro-isostatic component
of post-glacial sea-level rise has been recently predicted and
compared with field data at several coastal sites (Lambeck et al.,
2004a; Antonioli et al., 2007), and thus a framework for calculating
vertical tectonic motions is available (Fig. 1). Italy is located in the
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central Mediterranean Sea within the diffuse plate boundary
between Europe and Africa, and active tectonic displacements are
indicated by seismicity and geodetic velocities (Oldow et al., 2002;
Pondrelli et al., 2004; Serpelloni et al., 2005; Ferranti et al., 2008a)
(Fig. 2).

Lambeck et al. (2004a) published a comprehensive review of the
last w12 ka relative sea-level changes in Italy and used the eleva-
tion of the MIS 5.5 (Late Pleistocene) marker, aged at w125 ka, as
a benchmark to assess tectonic stability at individual coastal sites.
Most of the sites investigated by Lambeck et al. (2004a) were
located along tectonically stable coasts (Fig. 1).

The Holocene sites taken in consideration by Lambeck et al.
(2004a) numbered 27. This paper compares more than 100 sites in
stable, uplifting and subsiding areas with predicted sea level,
covering the entire Italian coast. At sites where the MIS 5.5
shoreline occurs above or below its eustatic position (between 6
and 8 m a.s.l.), and where recent tectonic motion was indepen-
dently identified, it was assumed that average rates of vertical
crustal displacements for the past 125 ka and for the Holocenewere
comparable.

A recently published review of the MIS 5.5 marker along the
whole coast of Italy (Ferranti et al., 2006) has shown dramatic
differences in tectonic behaviour within adjacent coastline
segments as a result of dominant tectonic signal over the long-term
temporal scale (Fig. 3). Although in some cases the long- and short-
term rates were comparable, in other sites the two rates had
different magnitudes (Ferranti et al., 2006). Detailed studies in key
sectors of the Italian coastline, and specifically in the rapidly
uplifting Calabrian arc, found higher Holocene tectonic

displacement rates (Antonioli et al., 2006), a pattern attributed to
clustered seismic slip (Ferranti et al., 2007).

With the aim of deciphering the broad pattern of Holocene
tectonic movements along the Italian coastline, this paper
combines published and new data from materials that can be
reliably linked to the coeval sea level. Then these data are compared
with predicted sea-level curves using the model published by
Lambeck et al. (2004a). Predictions are based on a recently pub-
lished open-source numerical code that has been suitably adapted
for Holocene relative sea-level computations in the Mediterranean
(Spada and Stocchi, 2007). This approach allows to either document
coastal stability or calculate rates of active tectonic movements.
Knowledge of the relation between the Holocene and the long-
term (125 ka BP) rates of tectonic movement is extended using the
Ferranti et al. (2006) data set on the long-term history supple-
mented by new radiometric ages. Finally, understanding of the
displacement pattern is extended into modern times by comparing
the geologic rates with tide gauge and levelling data in a subsiding
area (Trieste, in the northern Adriatic Sea) vs an uplifting coastal
area (the Messina Straits, in the Calabrian arc).

The results achieved in this work refine and supplement the
Lambeck et al. (2004a) investigation of the relative sea-level
changes in Italy, providing a comprehensive picture of the relative
sea-level history at sites significantly affected by tectonic
displacements. The implemented database is of timely importance
in light of the relevant flooding risk quoted by the 2007 IPCC report
for the Mediterranean Sea. Any future planning regarding the
Italian coastal area during the next century must rely on detailed
estimation of relative sea-level changes.

Fig. 1. Holocene tectonic movements along the Italian coastline (redrawn from Lambeck et al., 2004a). 1) Subsiding area with rates between 0.28 and 1.09 mm/a. 2) Uplifting area,

with rates between 0.08 and 1.97 mm/a. 3) predominantly tectonic stability with local areas of subsidence or uplift. 4) Tectonic stability.
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2. Tectonic setting

The Mediterranean regionmarks the broad collisional boundary
between the African and the Eurasian plates. The geodynamic
characteristics of this region are driven by lithospheric blocks
showing different structural and kinematic interaction, including
subduction, back-arc spreading, and fold-and-thrust belt develop-
ment (Faccenna et al., 2001). The active dynamics of Italywithin the
central Mediterranean region is shown by the distribution of seis-
micity, which outlines the major deformation belts of the Alps, the
Apennines and the Sicily Maghrebids (Fig. 2; Doglioni, 1991). The
Adriatic Sea and surroundingpromontories represent the remaining
part of the Adriatic lithospheric block caught between Europe and
Africa and serve as the foreland domain of the Alpine, Dinarid and
Apenninic thrust belts (Oldow et al., 2002 and references therein).
The Tyrrhenian back-arc basin opened behind the Apennines in the
wake of the retreating Adriatic–Ionian slab and is partially floored
by oceanic crust (Malinverno and Ryan, 1986; Doglioni, 1991).

Investigation focused on eight areas of the Italian coastline
spanning specific tectonic domains (Fig. 4). Recent tectonic and
sedimentary features of the individual sectors are summarized
below.

2.1. The Northern Adriatic coast

The northernmost sector of the Adriatic Sea (Area 1 of Fig. 4)
straddles the transition from the Adriatic foreland and Dinarid belt
in Slovenija and Croatia to the east, to the Southern Alps and
northern Apennines foredeep basin in the west (Fig. 2; Carminati
et al., 2003). Active shortening and transpression occur in the Alps
and in the frontal sector of the Apennines, as well as in the Dinaric
belt to the east, as documented by seismicity and GPS observations
(Pondrelli et al., 2004; D’Agostino and Selvaggi, 2004). A thick pre-
orogenic carbonate succession crops out in Histria and Trieste, and
is covered by Early-Mid Eocene turbidite flysch deposits (Cucchi
et al., 1989; Velić et al., 2000). To the west, the activity of the
northward migrating Apennine foredeep has affected the southern
sector of the Venetian Plain since the Late Miocene. This has led to
a regional south-westward tilting, indicated by the huge (up to
2 km) thickness of Quaternary deposits close to the Po River Delta
(Fig. 4) and by their gradually pinching out eastwards (Carminati
et al., 2003).

Several trangressive/regressive Pleistocene cycles are recorded
in well-core stratigraphy, which consist of alternating shallow-
marine and continental deposits. In the Late Quaternary, the

Fig. 2. Major tectonic domains of Italy: Adriatic foreland, contractional and extensional belts, and stable blocks, indicated by light grey, white, dark grey and medium grey (modified

after Montone et al., 2004 and Ferranti et al., in press).
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evolution of the Venetian–Friulian plainwas strongly influenced by
glacial cycles and a general regressive trend is recognisable
(Massari et al., 2004). During the LGM and MIS 6, the glaciers
hosted in the main Alpine valleys debouched into the plain, feeding
large fluvial–glacial systems that led to the formation of alluvial
megafans (Fontana et al., 2008). Due to the low gradient of the
pre-existing alluvial plain, the post-LGM and the last interglacial
sea-level highstands witnessed the sedimentation of wedge-
shaped, deltaic-lagoonal sedimentary bodies.

A generalized subsiding trend during the Late Pleistocene, with
increasing rates of downlift from the Friulian to the Venetian plain,
was previously recognized on the basis of scant borehole data
(Ferranti et al., 2006). In the eastern part of the Gulf of Trieste,
archaeological remains of Roman age and geomorphological

markers, mainly notches, were used to assess a similar pattern of
subsidence during the Holocene, which was attributed to active
shortening (Faivre and Fouache, 2003; Antonioli et al., 2004c,
2007). In addition, larger subsidence compared to the Gulf of
Trieste was found on the Istrian coast. A contemporary tilt to the
northwest between Trieste and the Friulian plain is indicated by
long-base tiltmeters data (Braitenberg et al., 2005).

2.2. Northwestern Adriatic coast

The Po River Plain is a subsiding foreland basin, bounded by
two fold-and-thrust belts, the Alps to the north and the Northern
Apennines to the south (Fig. 2 and Area 2 of Fig. 4). The subsur-
face geology of the Po Basin has been widely described on the

Fig. 3. MIS 5.5 uplift rates (redrawn from from Ferranti et al., 2006).
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basis of seismic (Pieri and Groppi, 1981) and magnetostratigraphic
(Muttoni et al., 2003) data, and basin geometry depicted through
integration of seismic studies with well-log interpretations
(Ori, 1993; Regione Emilia-Romagna, ENI – AGIP, 1998; Regione
Lombardia, ENI Divisione AGIP, 2002). This has led to the subdi-
vision of the Pliocene-Quaternary basin rocks into a series of
unconformity-bounded stratigraphic units. Sequence boundaries
were formed in response to episodes of drastic basin reorganization.
Tectonic uplift led to the development of denudation surfaces in the
marginal areas, while the depocentres experienced increased
subsidence (Regione Emilia-Romagna, ENI – AGIP, 1998).

The dominant feature of the Quaternary alluvial to coastal basin
stratigraphy is a prominent cyclic facies architecture, consisting of
vertically stacked transgressive–regressive sequences (Amorosi
and Colalongo, 2005; Amorosi, 2008). Close to the basinmargin, the

stratigraphic architecture is dominated by amalgamated alluvial-
fan gravel bodies, passing at distal locations to mud-prone alluvial
plain deposits. In contrast, the stratigraphic architecture in the
Romagna coastal plain and in the subsurface of themodern Po River
Delta (Fig. 4) includes a distinctive cyclic alternation of coastal and
alluvial deposits, falling in the Milankovitch (100 ka) band (Amor-
osi et al., 2004). Basin sediments are progressively less deformed
from bottom to top (Regione Emilia-Romagna, ENI – AGIP, 1998;
Molinari et al., 2007), and lateral facies relationships within the
uppermost cycles are well preserved.

The coastal to shallow-marine deposits assigned to MIS 5.5 can
be tracked in borehole logs up to 30 km west of the present
shoreline. South of the Po Delta, the base of the Tyrrhenian coastal
deposits lies at about "125 m b.s.l., but its depth rapidly increases
toward the south along the Romagna coastal plain (Amorosi et al.,

Fig. 4. Areas discussed in the text with location of investigated Holocene and MIS 5.5 sites. In red are labelled harbours with tide gauges.
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2004; Bondesan et al., 2006). This patternmay reflect the combined
loading of the Apennines thrust belt to the south and the north-
easterly retreat of the Adriatic slab to the east (Ferranti et al., 2006).

2.3. Central and southern Adriatic coast of Italy

The central and southern Adriatic Sea forms the foreland of both
the east-verging Apennines and west-verging Dinaric fold-and-
thrust belts (Fig. 2). On the western, Italian side, the southerly
transition from the Apennines thrust belt to the foreland occurs
moving from the Marche, Abruzzo and Molise regions to the Puglia
region (Area 3 of Fig. 4). Historical and instrumental seismic activity
mark the frontal thrust belt in the north, but contemporary defor-
mation occurs also at the Gargano promontory, an uplifted foreland
block in the south (CPTI, 2004; Pondrelli et al., 2004).

The coast from Termoli, in Molise, up to the southernmost limit
of the Po Plain, in Northern Marche, is marked by a high cliff, which
is generally shaped on poorly cemented sediments of the
Apennines foredeep basin. In this area, the Apenninic thrust front,
recognisable some hundred metres below the Adriatic Sea, is still
active (Scrocca et al., 2007). Uplifted MIS 5.5 marine deposits in the
Northern Marche area indicate slow differential uplift related to
the segmented growth of anticline folds in the hanging-wall of the
frontal thrust (Vannoli et al., 2004; Ferranti et al., 2006).

The boundary betweenMolise and Puglia is marked by the wide
coastal plain formed by the deltaic system of the Fortore River,
which to the south passes to the Gargano foreland high. The area is
characterised by a long-term uplift (Doglioni et al., 1994; Ferranti
and Oldow, 2005a,b), and Holocene coseismic vertical displace-
ments were documented at the Fortore River coast (Mastronuzzi
and Sansò, 2002a).

The Apulian foreland is characterised by three main uplifted
structural blocks of Gargano, Murge and Salento separated by low
plains. Whereas the highs are floored by a thick carbonate passive
margin succession, the lows host thick Neogene synorogenic rocks.
Vertical movements characterised this region since the Middle
Pleistocene as a consequence of the buckling of the entire Apulian
foreland and/or due to folds and thrust faults localised in the
basement (Doglioni et al., 1994; Ferranti and Oldow, 2005a,b). The
structural highs are marked by a staircase of depositional or
abrasive marine surfaces, but few geo-chronological constraints are
available. Regional reconstructions of the MIS 5.5 marker elevation
point to differential and discontinuous uplift rates from north to
south. On thewestern, Ionian coast of Salento, uplift decreases from
0.18 mm/a in the Taranto area to zero at Leuca Cape (Ferranti et al.,
2006; Mastronuzzi et al., 2007).

2.4. North-eastern Calabria coast

The Ionian coast of Northern Calabria lies behind the thrust
front of the Southern Apennines (Fig. 1, Area 4 of Fig. 4). In this
region, the geological architecture consists of Paleozoic crystalline
rocks and related Cenozoic forearc sediments of the Calabrid units
and of Mesozoic–Cenozoic sedimentary rocks of the Apennines,
which underwent a complex Oligocene–Pliocene thrust history
(Bonardi et al., 2001). Rapid uplift commenced in the Middle
Pleistocene and led to the formation of a stepped flight of terraces
(Westaway, 1993; Cucci and Cinti, 1998; Cucci, 2004). Coeval
activity on high-angle faults helped shaping the Sybaris coastal
plain intervening between the Pollino and Sila mountain ranges to
the north and south, respectively (Fig. 4). The plain is floored by
Upper Pliocene–Lower Pleistocene marine clays, sands, and fan-
glomerates, in turn covered by the Middle Pleistocene terraced
coastal deposits. The plain and the adjacent mountain ranges are
drained by several ephemeral streams which provide a huge clastic
supply.

The coast-parallel profile of Middle Pleistocene–Holocene
terraces records small-wavelength (w2–10 km) and amplitude
undulations superposed on the regional uplift (w100 km scale).
The MIS 5.5 terrace is by far the widest within the terrace flight
(Cucci, 2004; Santoro et al., this volume), and rises southward from
w110 to w130 m along the Pollino coast. In the Sybaris plain, the
terrace is placed at a w20-m lower elevation, but in Sila it rises
again tow130 m.

At the local-scale, pervasive undulations in the deformation
profile of marine terraces have been attributed to shallow-crustal
folds related to a still active transpressional field, which is jointly
recorded by fluvial anomalies, marine geological data, local seis-
micity and broad geodetic networks (Ferranti et al., in press).
Whereas the Pollino and Sila mountain ranges represent two
structural culminations, the Sybaris Plain forms a local structural
depression within the general uplift context. Historical subsidence
in the plain is testified by the vertical stacking of three ancient
towns in the Sybaris Archeological park along the Crati river (Pal-
adino and Troiano, 1989), the old town founded by the Acheans
(1230–1440 ka), the Hellenistic town of Thurii (1506–1757 ka) and
later the Roman town of Copiae (1757–1350 ka). A longer (Latest
Pleistocene–Holocene) subsidence record was obtained through
borehole drillings in the Archeological park (Pagliarulo, 2006).

2.5. Southern Calabria and eastern Sicily coast

The Calabrian arc and eastern Sicily (Area 5 of Fig. 4) connect the
Apennines and the Sicilian–Maghrebian orogens. The Calabrian Arc
was emplaced to the south-east during north-westerly subduction
and roll-back of the Ionian oceanic slab (Malinverno and Ryan,
1986). In the western Ionian Sea, along the Sicily offshore, a Meso-
zoic boundary (the Malta Escarpment; Sartori et al., 1991) separates
the oceanic crust of the Ionian Basin from the continental domain of
the Pelagian Block (Burollet et al., 1978), which represents the
foreland of the Sicilian–Maghrebian south-verging thrust-and-fold
system. Between Sicily and northern Africa, along the Sicily
Channel (Figs. 1 and 4), the Pelagian Block is stretched by three
main WNW–ESE striking tectonic depressions (Pantelleria, Linosa
andMalta basins), developed since the LateMiocene-Early Pliocene
(Finetti and Morelli, 1973) and characterised by widespread
volcanism. These are interpreted as the result of dextral oblique
rifting processes in a collisional context (Boccaletti et al., 1987).

During the Late Pliocene-Quaternary, the contractional struc-
tures of the hinterland part of the orogen were superseded by
extensional faults, which form an active belt characterised by
strong seismicity and volcanism along the western coast of Calabria
and the eastern coast of Sicily (Monaco and Tortorici, 2000, 2007).
ActiveWNW–ESE extension is documented by focal mechanisms of
crustal earthquakes (Pondrelli et al., 2004; CMT catalogue, 1976–
2006; RCMT Catalogue, 1976–2006), structural studies (Tortorici
et al., 1995; Monaco et al., 1997; Monaco and Tortorici, 2000;
Jacques et al., 2001; Ferranti et al., 2007), and geodetic velocities
(D’Agostino and Selvaggi, 2004).

Since theMiddle Pleistocene, extensional tectonics coupledwith
strong regional uplift developed spectacular flights of marine
terraces (Dumas et al., 1988; Ghisetti, 1992; Westaway, 1993;
Miyauchi et al., 1994; Bianca et al., 1999; Catalano and De Guidi,
2003; Tortorici et al., 2003). Uplift and attendant extension are
interpreted as a response to stalling of slab retreat and consequent
asthenospheric flow into the gap resulting from slab detachment
(e.g.Westaway,1993;Wortel and Spakman, 2000; Goes et al., 2004),
or as being supported by asthenosphere wedging beneath the
decoupled crust (Doglioni et al., 2001; Gvirtzman and Nur, 2001).

The elevation of marine terraces and their offset across the main
faults has been used to establish the relative contribution of
regional and fault-related sources to uplift. According to Westaway
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(1993), 1.67 mm/a of post-Middle Pleistocene uplift of southern
Calabria was partitioned into w1 mm/a due to regional processes
and the residual to displacement on major faults. Shorter-term
uplift rate estimates are provided by raised Holocene beaches,
terraces and tidal notches (Firth et al., 1996; Stewart et al., 1997;
Pirazzoli et al., 1997; Rust and Kershaw, 2000; De Guidi et al., 2003;
Antonioli et al., 2006; Ferranti et al., 2007).

2.6. Central Tyrrhenian coast

Most areas of the eastern Tyrrhenian coast experienced exten-
sion in a back-arc setting (Fig. 1), which was accompanied by
volcanism on the young continental margin and in the basin
(Beccaluva et al., 1989). Fault displacement articulated the coastal
region (Area 6 of Fig. 4) in a complex alternation of subsiding basins
and uplifting rocky promontories (Mariani and Prato, 1992). The
southern part of this coastal extensional belt from Borgo Sabotino
to the Garigliano River mouth (Area 6 of Fig. 4) is characterised by
a series of distinct plains (Pontina Plain, Fondi Plain, Garigliano
Plain, Volturno Plain) that occupy the major structural depressions.
These plains are separated by promontories where Mesozoic
carbonate rocks crop out. In the north, the coastal belt extending
from the Argentario Promontory to the northern margin of the
Pontina Plain mainly suffered the effects of the eruptions of
the Vulsini, Sabatini and Colli Albani volcanoes which were active
between 600 and 20 kyr (Barberi et al., 1994). Likewise, in the
southern belt of Campania tectonic displacements were accompa-
nied by volcanic processes in the Phlegrean Fields and Vesuvius
volcanic area (Scandone et al., 1991). The pattern of subsidence in
the plains and stability of promontories is confirmed by the
elevation of the MIS 5.5 marker (Ferranti et al., 2006).

2.7. Northern Tyrrhenian coast

The coast stretching between eastern Liguria and northern
Tuscany hosts the Viareggio Basin (Area 7 of Fig. 4), a prominent
extensional half-graben formed in response to stretching in the
Ligurian and northern Tyrrhenian back-arc basins (Argnani et al.,
1997; Martini et al., 2001). Five unconformity-bounded strati-
graphic units, ranging in age from Late Miocene to Holocene, have
been recognized within the Viareggio Basin fill on the basis of
seismic studies (Pascucci, 2005). Detailed facies analysis of late
Quaternary deposits of the Arno coastal plain in the southern part
of the basin has been recently carried out by Aguzzi et al. (2006,
2007), who documented a cyclic pattern of continental, paralic and
shallow-marine deposits that can be grouped into a series of
vertically stacked transgressive–regressive sequences. Long-term
subsidence is apparent in this record, but no detailed information
exists for recent movements.

In the northern sector of the half-graben, the Versilia Plain was
bordered by normal faults active since the Early Miocene, and
recent activity along these faults was inferred through geophysical
exploration (Carminati et al., 1999; Cantini et al., 2001). A moderate
subsidence of the plain during the last 125 kawas documented from
borehole data (Nisi et al., 2003) and attributed to the bordering fault
to the south (Ferranti et al., 2006). However, Holocene stability was
noted at the same location (Lambeck et al., 2004a).

2.8. Sardinia coast

The island of Sardinia (Area 8 of Fig. 4) is a detached fragment of
the Alpine foreland (Fig. 2). The western and eastern side of
Sardinia have been effected by intense extensional tectonics related
to the Oligocene–Miocene Ligurian–Balearic andMiocene–Pliocene
Tyrrhenian sea rifting, respectively (Fig. 2; Cherchi and
Montandert, 1982; Burrus, 1984).

The very low seismicity and geodetic deformation in Sardinia
indicate that this block is at present quasi-stable (Serpelloni et al.,
2005). Nevertheless, detailed studies of theMIS 5.5 marker indicate
subtle displacements attributed to residual subsidence on the
northwestern side of the island, or to isostatic uplift related to lava
flow emplacement on the eastern side (Ferranti et al., 2006;
Mariani et al., in press). Dense GPS measurements in southern
Sardinia suggest that residual horizontal motions occur across the
Campidano basin where the bounding faults are reactivated in
strike-slip (Ferranti et al., 2008a).

3. Material and methods

A collection of 127 published Holocene (geomorphological and
archaeological markers) and 11 new MIS 5.5 datapoints is used to
compute the recent movements along the whole Italian coast
(Tables 1 and 2). The listed uncertainties on Holocene material
elevations (column H of Table 1) are derived from corrections
discussed in the quoted references (column O); standard values
adopted for bathymetric corrections for the Holocene and Late
Pleistocene markers followed Table 1 of Lambeck et al. (2004a) and
Ferranti et al. (2006). Additionally, precise measurements of the
height of some Holocene cores in Area 1 (sites 16, 17, 18, 19, 21, 22,
23, 24, 25) were performed using a differential GPS.

Heights of the selected archaeological markers were measured
and compared with the present sea level, applying corrections for
tide, pressure and wind at the time of the surveys. Errors for the
elevations and ages of the archaeological markers are estimated
and functional heights evaluated on the basis of accurate archae-
ological interpretations provided by maritime archaeologists.
Antonioli et al. (2007) defined the ‘‘functional height’’ of the
archaeological benchmarks, in order to estimate the sea-level
change at each location, and compare the observed results at
different locations. This parameter is defined as the elevation of
specific architectural parts of an archaeological structure with
respect to an estimated mean sea level at the time of their
construction. It depends on the type of structure, on its use and on
the local tide amplitudes. Functional heights also define the
minimum elevation of the structure above the local highest tides.

The functionality adopted on some sites with archaeological
markers used in the present paper was previously discussed by
Antonioli et al. (2007) and Scicchitano et al. (2008). For some new
sites used here as sea-level markers, the functional height was
defined. For sites 49, 50, 53 in Area 3 (Puglia), a 1-m functional
height was considered for tombs, water cisterns, and hut holes. A
similar valuewas used for the spring water well of Etruscan age and
hut holes of Bronze age at sites 106 and 107 in Area 5 (Latium). For
sites 51 and 52 (quarries) of Area 3 (Puglia) and site 115 of Area 7
(Liguria), the functional height was defined by the Italian mean tide
of 0.44 m. The published ageswere recalibrated (column G), but the
original, noncalibrated ages are listed in column F for future
improved calibration.

The tectonic movements (columns M and N) were computed
ages of the different prediction on sea-level position listed in
columns I and L from the Spada and Stocchi (SS) and Lambeck (KL)
models, respectively. Errors on tectonic motions were stipulated
using an error propagation strategy and provide an upper boundary
to the absolute error. For the SS model, the uncertainty on the
tectonic rate D(M) is:

DðMÞ ¼ DðHÞ=Gþ ðH " I=GÞðDðGÞ=G;

with D(H) and D(G) being the errors on the corrected heights and
calibrated ages, respectively. A similar calculation is made for the KL
model using the notations I and M.

F. Antonioli et al. / Quaternary International xxx (2009) 1–32 7

ARTICLE IN PRESS

Please cite this article in press as: Antonioli, F., et al., Holocene relative sea-level changes and vertical movements along the Italian and Istrian
coastlines, Quaternary International (2009), doi:10.1016/j.quaint.2008.11.008



Table 1

Holocene data. Column A: site number; B: site name; C: type of marker (geomorphological or archaeological) used for the chronological attribution; D: centesimal coordinates; E: laboratory number or core code; F: uncalibrated

ages; G: calibrated ages 1 sigma used CALIB 5.01 program, marine entry; samples from sites 13, 14, 22 were calibrated as continental using the Intcal entry because of a peat immediately above lagoonal deposit; H: corrected

(measure, water table, pressure and tide, functionality) height, see also Cap 3; I: predicted sea-level points using the Spada and Stocchi model; L: predicted sea-level points using the Lambeckmodel; M: tectonic rate using the Spada

and Stocchi model – (H"I)/G for the error bar calculation see Cap. 3; N: tectonic rate using the Lambeck model – (H"L)/G for the error bar calculation see Cap. 3; O: references for original ages and corrections.

A,

no.

B, site

name

C, kind of marker

and stratigrapy

D, centesimal

coordinates

E, lab. and

core number

F, age (14C

uncal. BP)

G, age cal.

BP 1 s

archaeological

H, corrected

height (m a.s.l.)

I, predicted

values with

SS model

L, predicted

values

Lambeck

model

M, tectonic

movements

(H"I)/G

(mm\y)

N, tectonic

movements

(H"L)/G

(mm\y)

O, reference

1 Brijuni Pavement 44.91111,

13.77472

/ 1950# 50 "1.80# 0.6 "0.78 "0.31 "0.52# 0.32 "0.76# 0.33 Degrassi, 1957;

Antonioli et al., 2007

2 Brijuni Dock/pier 44.91083,

13.77639

/ 1950# 50 "1.60# 0.6 "0.78 "0.31 "0.42# 0.32 "0.66# 0.32 Degrassi, 1957;

Antonioli et al., 2007

3 Savudrija Pavement 45.49972,

13.50361

/ 1950# 50 "1.50# 0.6 "0.61 "0.06 "0.46# 0.32 "0.74# 0.33 Antonioli et al., 2007

4 Savudrija Pier 45.49972,

13.50361

/ 1950# 50 "1.50# 0.6 "0.61 "0.06 "0.46# 0.32 "0.74# 0.33 Fouache et al., 2000;

Antonioli et al., 2007

5 Secovlje Lagoonal fossils 45.52361,

13.52667

Core V6 9180# 120 9975.5# 175 "26.5# 0.5 "28.72 "30.2 0.22# 0.05 0.37# 0.06 Ogorelec et al., 1997

6 Sv. Simon Pier 45.5325,

13.64472

/ 1950# 50 "1.60# 0.6 "0.62 "0.06 "0.50# 0.32 "0.79# 0.33 Degrassi, 1957

7 Capodistria Bay Lagoonal fossils 45.5415,

13.7224

/ 1367# 83 900# 95 "1.24# 0.5 "0.24 0.16 "1.11# 0.67 "1.53# 0.72 Ogorelec et al., 1997

8 Jernejeva Draga Vivaria dock 45.59278,

13.7224

/ 1900# 100 "1.40# 0.6 "0.57 "0.06 "0.44# 0.34 "0.71# 0.35 Antonioli et al., 2007

9 Punta Sottile Pier 45.60222,

13.71944

/ 1950# 50 "1.60# 0.6 "0.59 "0.06 "0.52# 0.07 "0.79# 0.33 Antonioli et al., 2007

10 Stramare Walking surface 45.60194,

13.79

/ 1900# 100 "1.60# 0.6 "0.58 "0.06 "0.54# 0.07 "0.81# 0.36 Antonioli et al., 2007

11 Trieste town Lagoonal fossils 45.64861,

13.7675

Poz-15855 2020# 30 1576.5# 47.5 þ0.10# 0.1 "0.47 0.25 0.36# 0.05 "0.09# 0.07 Furlani et al., 2007

12 Trieste town Lagoonal fossils 45.64861,

13.7675

Poz-15854 2065# 30 1639# 48 0.00# 0.1 "0.49 0.23 0.30# 0.05 "0.14# 0.07 Furlani et al., 2007

13 Trieste gulf Lagoonal fossils 45.67,

13.67972

Core GT1 9140# 40 9928.5# 104 "25# 0.5 "27.60 "30.7 0.26# 0.08 0.57# 0.06 Covelli et al., 2006

14 Trieste gulf Lagoonal fossils 45.6075,

13.55278

Core GT3 8810# 40 9479.5# 32.5 "26# 0.5 "23.02 "23.07 "0.3# 0.05 "0.31# 0.05 Covelli et al., 2006

15 Lagoon of Caorle.

Palude Rocca (VE)

Organic silt base

of lagoon

45.64722,

12.92778

Ua-24876 5730# 45 6153# 67 "5.15# 0.5 "4.75 "4.2 "0.07# 0.08 "0.18# 0.08 Fontana, 2006

16 Sepolcreto Concordia,

Sagittaria (VE)

Peat swamp 45.75667,

12.85

Beta-173013 1800# 70 1755# 66 "2.85# 0.05 "0.43 "0.33 "1.38# 0.08 "1.44# 0.07 This work

17 Sepolcreto. Concordia,

Sagittaria (VE)

Peat salt marsh 45.75639,

12.85194

Beta-184247 4080# 70 4115# 109 "5.0# 0.05 "1.61 "1.95 "0.82# 0.03 "0.74# 0.03 This work

18 Sepolcreto. Concordia,

Sagittaria (VE)

Peat base of lagoon 45.75639,

12.85194

Beta-184248 5700# 70 6186# 88.5 "6.87# 0.05 "4.40 "4.45 "0.40# 0.01 "0.40# 0.01 This work

19 Paludetto. Concordia,

Sagittaria (VE)

Loamy peat swamp 45.7575,

12.82861

Beta-184249 1920# 60 1880# 66 "3.79# 0.05 "0.46 "0.49 "1.77# 0.09 "1.76# 0.09 Fontana, 2006

20 Paludetto. Concordia,

Sagittaria (VE)

Loamy peat base

of lagoon

45.7575,

12.82861

Beta-184250 5910# 70 6330# 68 "8.63# 0.05 "4.80 "4.9 "0.61# 0.01 "0.59# 0.01 Fontana, 2006

21 Casa Zucca. Caorle (VE) Loamy peat base

of lagoon

45.63611,

12.88722

Beta-184251 6080# 80 6507# 95 "8.59# 0.05 "5.43 "5.6 "0.49# 0.01 "0.46# 0.01 Fontana, 2006

22 Fiorentina. San Donà di

Piave (VE)

Organic silt base

of lagoon

45.65222,

12.64028

Beta-170844 3570# 70 2917.5# 62.5 "2.6# 0.05 "0.93 "1.3 "0.58# 0.03 "0.45# 0.03 Bondesan et al., 2003

23 Torre di Mosto (VE) Peat base of

lagoon

45.62167,

12.75611

Ua-24049 6580# 55 7090# 75 "9.2# 0.05 "6.58 "7.8 "0.37# 0.03 "0.20# 0.01 Fontana, 2006

24 Fossetta (VE) Peaty silt base

of lagoon

45.58528,

12.47472

Beta-157974 3140# 40 3146.5# 67.5 "3.9# 0.5 "1.08 "1.48 "0.90# 0.18 "0.77# 0.18 Bondesan et al., 2002

25 Ca’ Tron. Roncade (TV) Lagoon sediment

base of lagoon

45.57167,

12.44639

/ 1950# 50 "1.6# 0.5 "0.38 "0.62 "0.63# 0.27 "0.50# 0.27 Bondesan et al., 2003
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26 Venice Lagoon BH2 Shells base of lagoon 45.52222,

12.53056

Beta-206482 6740# 50 7270# 57 "10.15þ 0.5–2 "7.09 "9.1 "0.42# 0.18 "0.14# 0.17 Canali et al., 2007;

Tosi et al., 2007

27 Burano, Venezia Peat base of lagoon 45.48528,

12.41722

GX-26939 4120# 40 4171# 66 "4.2# 0.5 "1.74 "2.02 "0.58# 0.13 "0.52# 0.13 Lezziero, 2002

28 Venice Lagoon BH1 Shells base of lagoon 45.48333,

12.54583

Beta-169857 6840# 40 7364# 42 "12.9þ 0.5–2 "7.35 "10.4 "0.75# 0.17 "0.17# 0.17 Canali et al., 2007;

Tosi et al., 2007

29 Marghera, Venezia Peat base of lagoon 45.47556,

12.23917

Rome-1206 1095# 55 1007# 50 "1.57# 0.5 "0.49 "0.28 "1.07# 0.55 "1.28# 0.56 Mozzi et al., 2003

30 Piazza S. Marco.

Venezia

Shells base of lagoon 45.43417,

12.33889

OZD-608 4670# 70 4900# 84 "5.8þ 0.5–2 "2.67 "3.31 "0.64# 0.27 "0.51# 0.26 Serandrei-Barbero

et al., 2001

31 Boccasette – Core 3

(Delta Po)

Organic swamp 45.0099,

12.4369

CEDAD 8495# 55 9110.5# 84.5 "29.8þ 0.5–2 "19.66 "26.4 "1.11# 0.15 "0.37# 0.14 Amorosi et al., 2008b

32 Barricata – Core 1

(Delta Po)

Organic swamp 44.84794,

12.46263

CEDAD 8404# 100 9004.6# 150 "29.9# 0.5 "18.79 "25.6 "1.22# 0.08 "0.48# 0.06 Amorosi et al., 2008b

33 Pomposa – Core 187-S1

(FE)

Organic swamp 44.84089,

12.20108

Beta 8220# 60 8736.5# 110 "25.5# 0.5 "16.28 "22.6 "1.06# 0.07 "0.33# 0.06 Bondesan et al., 2006;

Amorosi et al., 2007

34 Ostellato, Core 204-S6

(FE)

Organic lagoon 44.73333,

11.88333

LLNL Livermore 6895# 80 7400.5# 76.5 "14.2# 0.5 "7.64 "13.6 "0.89# 0.08 "0.08# 0.07 Amorosi et al., 2005

35 Portomaggiore,

Core 204-S5 (FE)

Organic swamp 44.7, 11.85 LLNL, Livermore- 7735# 50 8217# 62 "15.8# 0.5 "7.53 "18.1 "1.01# 0.07 "0.28# 0.06 Amorosi et al., 2005

36 Conselice Cerastoderma 45.478,

11.845

5924# 50 "9.0þ 0.5–2 "5.1 "4.6 "0.66# 0.22 "0.74# 0.22 Preti, 1999

37 Ravenna,

core 223-S1

Organic swamp 44.43333,

12.21667

LODYC (Paris) 8170# 50 8657.5# 82 "25.5# 0.5 "15.99 "22.5 "1.17# 0.07 "0.35# 0.06 Amorosi et al., 2005

38 Ancona Fish tank 43.5667,

13.56667

/ 1950# 50 "1.1# 0.2 "0.95 "0.94 "0.08# 0.10 "0.08# 0.10 Profumo, 2007

39 Vomano river Continental Peat 42.65056,

14.03389

/ 10,250# 50 12,024.5# 74.5 "18# 0.5 "60.23 "62.9 – – Parlagreco et al.,

in press

40 Punta Pietre Nere Cladocora 41.91488,

15.34431

GX-28709 5950# 110 6373.5# 114 0.5# 0.2 "7.67 "8.2 1.28# 0.05 1.37# 0.06 Mastronuzzi and

Sansò, 2002a

41 Punta Pietre Nere Lithophaga sp. 41.91488,

15.34431

GX-6369 880# 40 497.5# 27.5 0.93# 0.2 "0.31 "0.27 2.49# 0.54 "442.41# 0.54 Mastronuzzi and

Sansò, 2002a

42 Punta Pietre Nere Dendropoma sp. 41.91488,

15.34431

GX-27061 1210# 70 748.5# 72.5 0.77–0.88 "0.46 "0.42 1.71# 0.23 1.66# 0.23 Mastronuzzi and

Sansò, 2002a

43 Punta Pietre Nere Vermetid sp. 41.91488,

15.34431

GX-26368 1520# 110 1066.5# 115 0.95# 0.1 "0.66 "0.61 1.51# 0.26 1.46# 0.25 Mastronuzzi and

Sansò, 2002a

44 Palude Frattarolo/

Coppa nevigata

Cerastoderma

glaucum

41.557222,

15.833333

? 2870# 40 2654.5# 61.5 "1.4# 0.5 "1.92 "1.96 0.20# 0.19 0.21# 0.19 Caldara et al., 2002

45 Palude Frattarolo/

Coppa nevigata

C. glaucum 41.557222,

15.833333

? 3180# 70 2856.5# 58.5 "2.25# 0.5 "2.10 "2.1 "0.05# 0.18 "0.05# 0.18 Caldara et al., 2002

46 Palude Frattarolo/

Coppa nevigata

C. glaucum 41.557222,

15.833333

? 3195# 80 2999# 116 "2.25# 0.5 "2.23 "2.35 "0.01# 0.17 0.03# 0.17 Caldara et al., 2002

47 Palude Frattarolo/

Coppa nevigata

C. glaucum 41.557222,

15.833333

GX28575AMS 4950# 40 5286# 47.5 "3.48# 0.5 "5.45 "4.4 0.37# 0.10 0.17# 0.10 Caldara and Simone,

2005

48 Palude Frattarolo/

Coppa nevigata

C. glaucum 41.557222,

15.833333

GX28576AMS 5580# 40 5953.5# 53.6 "6.6þ 0.5–2 "6.86 "7.3 0.04# 0.21 0.12# 0.21 Caldara and Simone,

2005

49 Egnatia Tumb 40.8886,

17.3928

2450# 100 "1.7# 0.5 "1.68 "1.8 "0.01# 0.20 0.03# 0.21 Auriemma et al., 2004;

Milella et al., 2006

50 Egnatia Cistern/sewer 40.8886,

17.3928

1900# 100 "1.36# 0.5 "1.22 "1.15 "0.07# 0.27 "0.11# 0.27 Auriemma et al., 2004;

Milella et al., 2006

51 Egnatia Quarries 40.8886,

17.3928

1500# 100 "1.04# 0.5 "0.96 "0.9 "0.05# 0.34 "0.09# 0.34 Auriemma et al., 2004

52 Santa Sabina Quarries 40.8222,

17.6086

1500# 100 1.04# 0.5 "0.95 "0.9 "0.06# 0.42 "0.09# 0.42 Auriemma et al., 2004;

Auriemma et al., 2005

53 Torre Guaceto Hut holes 40.7161,

17.7986

3500# 500 "3.5# 1 "2.57 "3.03 "0.27# 0.32 "0.13# 0.30 Auriemma et al., 2004

54 Sibari. Parco

Archeologico Nazionale

Marsh 39.72533,

16.46598

S1 4685# 69 4913# 86 "3.0# 03 "4.65 "5.3 0.34# 0.07 "0.47# 0.07 Pagliarulo, 2006

(continued on next page)
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Table 1 (continued)

A,

no.

B, site

name

C, kind of marker

and stratigrapy

D, centesimal

coordinates

E, lab. and

core number

F, age (14C

uncal. BP)

G, age cal.

BP 1 s

archaeological

H, corrected

height (m a.s.l.)

I, predicted

values with

SS model

L, predicted

values

Lambeck

model

M, tectonic

movements

(H"I)/G

(mm\y)

N, tectonic

movements

(H"L)/G

(mm\y)

O, reference

55 Sibari. Parco

Archeologico Nazionale

Marsh 39.72533,

16.46598

S1 8410# 70 9401# 135 "38.0# 03 "26.13 "35.6 "1.26# 0.05 "0.28# 0.04 Randisi, 2007

56 Sibari. Parco

Archeologico Nazionale

Organic mud with

lagoonal fossils

39.71749,

16.48802

S15 6310# 70 6769# 88 "49.4þ 0.5–2 "8.73 "10.6 "6.01# 0.26 "5.73# 0.26 Randisi, 2007

57 Sibari. Parco

Archeologico Nazionale

Marsh 39.71401,

16.49279

S16 3140# 50 2920# 74 "6.8þ 0.5–2 "2.15 "2.5 "1.59# 0.47 "1.47# 0.47 Randisi, 2007

58 Sibari. Parco

Archeologico Nazionale

Organic mud 39.71401,

16.49279

S16 6540# 70 7059# 88 "57.4þ 0.5–2 "9.46 "12.2 "6.79# 0.26 "6.4# 0.26 Randisi, 2007

59 Sibari. Parco

Archeologico Nazionale

Organic mud with

lagoonal fossils

39.71401,

16.49279

S16 7160# 110 7639# 106 "59.8þ 0.5–2 "11.39 "18.7 "7.72# 0.25 "5.37# 0.24 Randisi, 2007

60 Sibari. Parco

Archeologico Nazionale

Organic mud 39.7174,

16.49579

S18 2900# 45 2692# 47 "1.0þ 0.5–2 "1.95 "2.4 0.35# 0.47 0.41# 0.47 Randisi, 2007

61 Sibari. Parco

Archeologico Nazionale

Peat 39.7174,

16.49579

S18 3285# 50 3129# 80 "6.0þ 0.5–2 "2.35 "2.7 "0.83# 0.43 "1.05# 0.43 Randisi, 2007

62 Sibari. Parco

Archeologico Nazionale

Organic mud 39.7174,

16.49579

S18 4470# 65 4673.5# 98.5 "17.0þ 0.5–2 "4.27 "5.1 "2.72# 0.32 "2.57# 0.32 Randisi, 2007

63 Sibari. Parco

Archeologico Nazionale

Organic mud 39.7174,

16.49579

S18 4945# 50 5313# 102 "21.1þ 0.5–2 "5.45 "6.4 "2.95# 0.29 "2.80# 0.29 Randisi, 2007

64 Sibari. Parco

Archeologico Nazionale

Organic mud 39.7174,

16.49579

S18 5775# 55 6209.5# 60.5 "38.9þ 0.5–2 "7.41 "8.8 "5.07# 0.25 "4.85# 0.25 Randisi, 2007

65 Sibari. Parco

Archeologico Nazionale

Organic mud 39.7174,

16.49579

S18 6510# 55 7025.5# 79.5 "40.9þ 0.5–2 "9.35 "12.8 "4.49# 0.23 "4.00# 0.29 Randisi, 2007

66 Sibari. Casa Bianca Donax sp. 39.71796,

16.498

184-1 1415# 23 1314.5# 15 "1.14# 0.5 "0.86 "0.82 "0.21# 0.38 "0.25# 0.38 Randisi, 2007

67 Punta Carace.

Pantelleria Island

Dendropoma

petraeum

36.80917,

12.03306

Poz 21913 1360# 30 912# 36 4.2# 0.3 "0.58 "0.5 5.24# 0.54 5.15# 0.53 De Guidi and Monaco,

this volume

68 Cala di Levante.,

Pantelleria Island

D. petraeum 36.79583,

12.05

Poz 17750 1155# 30 694# 29 2.2# 0.3 "0.45 "0.5 3.82# 0.59 3.89# 0.59 De Guidi and Monaco,

this volume

69 Vendicari (Syracuse) C. glaucum 36,481325,

15,05 53

Poz 17907 4610# 40 4830# 118 "5.40þ 0.5–2 "5.18 "5.5 "0.05# 0.26 0.02# 0.26 Scicchitano et al., 2007

70 Vendicari (Syracuse) Cerithium vulgatum 36.4637,

15.0540

Poz 17906 4890# 40 5176# 128 "6.90þ 0.5–2 "5.91 "6.28 "0.19# 0.25 "0.12# 0.24 Scicchitano et al., 2007

71 Plemmirio cave (Syracuse) Serpulid overgrowth

on stalagmite

36.97997,

15.25642

C2 7780# 230 8229# 242 "20.22# 0.5 "16.34 "26.6 "0.47# 0.07 0.78# 0.08 Scicchitano et al., 2008

72 Ognina (Syracuse) Tomb floor (dromos) 37.04125,

15.30708

/ 3500# 300 "1.81# 0.3 "3.09 "3.5 0.57# 0.14 0.49# 0.13 Scicchitano et al., 2008

73 Ognina (Syracuse) Channel sea-bottom 36.97933,

15.26303

/ 3500# 300 "1.97# 0.3 "3.09 "3.5 0.32# 0.12 0.44# 0.12 Scicchitano et al., 2008

74 Punta della Mola (Syracuse) Quarries 37.15892,

15.232

/ 2600# 100 "0.98# 0.3 "2.11 "2.25 0.43# 0.13 0.49# 0.13 Scicchitano et al., 2008

75 Thapsos (Syracuse) Tomb floor 37.20578,

15.18433

/ 3350# 150 "1.03# 0.3 "2.87 "3.29 0.55# 0.11 0.68# 0.12 Scicchitano et al., 2008

76 Megara Iblea (Syracuse) Dock/pier 37.36944,

15.08056

/ 2600# 100 "1.48# 0.3 "2.08 "2.25 0.23# 0.13 0.30# 0.13 Scicchitano et al., 2008

77 Catania Plain Bivalve fragments 37.35833,

15.06111

Utc 11546 6343# 41 6759# 98 "7.2þ 0.5–2 "9.50 "11.6 0.34# 0.19 0.65# 0.19 Monaco et al., 2004

78 Catania Plain Cerastoderma sp. 37.34444,

15.05833

Utc 11548 9110# 50 9699# 100 "37.9þ 0.5–2 "31.57 "43.3 "0.65# 0.13 0.56# 0.13 Monaco et al., 2004

79 Ganzirri Serpulids 38.26556,

15.62889

UTC 12275 5557# 47 5954# 99 0.70# 0.3 "7.14 "7.6 1.32# 0.07 1.39# 0.07 Antonioli et al., 2006

80 Milazzo Peninsula Patella sp. 38.23306,

15.25056

UTC 11356 5665# 36 6065# 35 2# 0.3 "7.41 "7.9 1.55# 0.07 1.63# 0.06 Gringeri et al., 2004

81 Scilla, Marina S.

Gregorio

Chthamalus depressus 38.24933,

15.68957

UTC 12274 3501# 35 3386# 42 1.79# 0.07 "2.79 "3.01 1.35# 0.05 1.42# 0.04 Ferranti et al., 2007
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82 Scilla C. depressus 38.24933,

15.68957

UTC 12273 3530# 39 3409# 47 1.80# 0.07 "2.81 "3.2 1.35# 0.04 1.47# 0.04 Ferranti et al., 2007

83 Marina S. Gregorio Spondylus sp. 38.24933,

15.68957

UTC 12656 3610# 49 3504# 65 3.65# 0.07 "2.91 "3.5 1.87# 0.07 2.04# 0.06 Ferranti et al., 2007

84 Scilla Hexaplex sp. 38.24933,

15.68957

Gx 28331 3930# 40 3909# 60 3.00# 0.07 "3.34 "4.2 1.62# 0.05 1.84# 0.05 Ferranti et al., 2007

85 Marina S. Gregorio Spondylus sp. 38.24933,

15.68957

R 3717 4497# 69 4746# 51 2.30# 0.07 "4.68 "5.5 1.47# 0.07 1.64# 0.07 Ferranti et al., 2007

86 Scilla, Punta Paci C. depressus 38.2522,

15.70053

UTC 12271 2274# 34 1881# 47 1.91# 0.17 "1.33 "1.27 1.72# 0.13 1.69# 0.13 Antonioli et al., 2006

87 Scilla, Punta Paci C. depressus 38.2522,

15.70053

UTC 12654 2549# 38 2230# 58 0.99# 0.17 "1.63 "1.85 1.17# 0.12 1.27# 0.11 Antonioli et al., 2006

88 Scilla, Punta Paci Spondylus sp. 38.2522,

15.70053

R 2625 2683# 45 2376# 60 2.12# 0.17 "1.77 "1.76 1.64# 0.07 1.63# 0.07 Antonioli et al., 2006

89 Scilla, Punta Paci C. depressus 38.2522,

15.70053

UTC 12272 2744# 34 2427# 73 1.92# 0.17 "1.82 "2.02 1.54# 0.12 1.62# 0.12 Antonioli et al., 2006

90 Scilla, Punta Paci C. depressus 38.2522,

15.70053

Poz 13000 3410# 40 3290# 52 2.87# 0.21 "2.66 "3.1 1.68# 0.07 1.81# 0.09 Antonioli et al., 2006

91 Scilla, Punta Paci C. depressus 38.2522,

15.70053

UTC 12652 3609# 42 3500# 58 1.92# 0.17 "2.88 "3.5 1.37# 0.07 1.55# 0.07 Antonioli et al., 2006

92 Scilla, Punta Paci Conus sp. 38.2522,

15.70053

Poz 13005 4760# 40 4933# 84 2.59# 0.22 "4.95 "6.0 1.53# 0.07 1.76# 0.07 Antonioli et al., 2006

93 Palmi, Pietra Galera C. depressus 38.34049,

15.83149

Poz 13010 2785# 35 2529# 80 2.20# 0.18 "1.92 "2.1 1.63# 0.12 1.70# 0.12 Antonioli et al., 2006

94 Marina di Palmi Gastrana fragilis 38.35264,

15.83579

Poz 13011 4430# 40 4587# 68 1.75# 0.19 "4.37 "5.2 1.28# 0.07 1.52# 0.06 Antonioli et al., 2006

95 Ioppolo

(Capo Vaticano)

Dendropoma 38.56556,

15.90111

GX 28045 5120# 50 5501.5# 58 1.8# 0.3 "6.09 "7.2 1.43# 0.07 1.64# 0.07 Antonioli et al., 2006

96 Ioppolo

(Capo Vaticano)

Columella 38.56556,

15.90111

GX 28332 5380# 40 5762# 66 1.8# 0.3 "6.66 "7.7 1.47# 0.07 1.65# 0.07 Antonioli et al., 2006

97 S. Maria Ricadi

(Capo Vaticano)

Monodonta articulata 38.60635,

15.85058

CV3 3885# 35 3863# 55 0.60# 0.3 "3.22 "3.9 0.99# 0.09 1.22# 0.09 This paper

98 S. Maria Ricadi

(Capo Vaticano)

Bivalve shell 38.60581,

15.85298

CV5 5330# 40 5681# 52 1.55# 0.3 "6.49 "7.5 1.42# 0.07 1.59# 0.07 This paper

99 Pozzuoli Lithophaga 40. 862,

14.1204

– 1235# 55 580# 70 7# 0.10 "0.38 "0.34 12.72# 1.71 12.66# 1.7 Morhange et al., 2006

100 Pozzuoli Lithophaga 40. 862,

14.1204

– 2250# 35 1570# 110 7# 0.10 "1.06 "1.02 5.13# 0.43 5.11# 0.42 Morhange et al., 2006

101 Sarinola Fish tank 41.25527

13.60833

2000# 50 "1.28# 0.22 "1.28 "1.40 0.05# 0.11 0.06# 0.11 Lambeck et al. (2004a)

102 Ventotene Fish tank, harbour 40.79916,

13.43305

2000# 50 "1.30# 0.22 "1.38 "1.41 0.04# 0.11 "0.05# 0.11 Lambeck et al. (2004a)

103 Ponza Fish tank 40.89361,

12.96916

2000# 50 "1.30# 0.22 "1.28 "1.40 "0.01# 0.11 "0.14# 0.11 Lambeck et al. (2004a)

104 Torre Astura, La Banca Fish tank 41.41736,

12.7495

2000# 50 "1.15# 0.22 "1.24 "1.32 0.05# 0.11 0.09# 0.11 Lambeck et al. (2004a)

105 S.Marinella, Le

Grottacce

Fish tank 42.03888,

11.90138

2000# 50 "1.37# 0.22 "1.28 "1.23 "0.05# 0.11 "0.07# 0.11 Lambeck et al. (2004a)

106 Pyrgi Spring water well 42.015,

11.95806

2400# 50 "1.2# 0.5 "1.39 "1.48 0.08# 0.11 0.12# 0.21 Enei, 2008

107 Pyrgi Hut holes 42.015,

11.95806

4700# 100 "4.5# 0.5 "3.72 "4.3 "0.17# 0.11 "0.04# 0.11 Enei, 2008

108 P.Ta della Vipera Fish tank 42.04888,

11.82

2000# 50 "1.28# 0.22 "1.28 "1.23 0.00# 0.11 "0.03# 0.11 Lambeck et al., 2004b

109 Santa Liberata Fish tank 42.43589,

11.15261

2000# 50 "1.04# 0.22 "1.03 "1.2 "0.01# 0.11 0.08# 0.11 Lambeck et al., 2004b

110 Core M1 Organic estuary 43.62978,

10.28872

CEDAD 10004# 50 11012# 98 "51.1# 3 "41.49 "53.2 "0.87# 0.26 0.19# 0.27 Aguzzi et al., 2007;

Amorosi et al., 2008a

(continued on next page)
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Table 1 (continued)

A,

no.

B, site

name

C, kind of marker

and stratigrapy

D, centesimal

coordinates

E, lab. and

core number

F, age (14C

uncal. BP)

G, age cal.

BP 1 s

archaeological

H, corrected

height (m a.s.l.)

I, predicted

values with

SS model

L, predicted

values

Lambeck

model

M, tectonic

movements

(H"I)/G

(mm\y)

N, tectonic

movements

(H"L)/G

(mm\y)

O, reference

111 Core M1 Organic estuary 43.62978,

10.28872

CEDAD 8840# 75 9495# 72 "39.4# 3 "24.53 "32.0 "1.57# 0.32 "0.78# 0.32 Aguzzi et al., 2007;

Amorosi et al., 2008a

112 Core S1 Organic estuary 43.72781,

10.43431

Beta 11,034# 63 12,668# 130 "45.4# 3 "67.21 "65.8 1.72# 0.25 0.82# 0.25 This work

113 Core S1 Organic lagoon 43.72781,

10.43431

Beta 7370# 60 BP 7845# 67 "13.5þ 0.5–2 "9.87 "15.4 "0.46# 0.16 0.24# 0.16 This work

114 Core CC Organic swamp 43.67123,

10.67064

CEDAD 10,106# 60 11,136.5# 53 "54.7# 3 "43.19 "55.8 "1.03# 0.26 1# 0.27 Aguzzi et al., 2006

115 La Spezia Canne on pier 44.34278,

9.240278

– – 2000# 50 "0.85# 0.4 "0.75 "0.78 "0.05# 0.20 "0.035# 0.20 Chelli et al., 2005

116 Capo Malfatano Breakwater dock 38.891670,

8.803056

– – 2400þ 100 "2.10# 0.22 "1.99 "2.3 "0.046# 0.09 0.08# 0.10 Antonioli et al., 2007

117 Nora molo Schmiedt Pier 38.984720,

9.012850

– – 1900# 300 "1.42# 0.22 "1.30 "1.68 "0.06# 0.13 0.14# 0.14 Antonioli et al., 2007

118 Nora Basilica Pavement 39.021940,

9.025278

– – 1650# 50 "1.02# 0.22 "1.13 "1.38 0.07# 0.13 0.22# 0.14 Antonioli et al., 2007

119 Perd’e Sali Quarry 39.02194,

9.025278

– – 2000# 300 "1.32# 0.30 "1.40 "1.78 0.05# 0.18 0.24# 0.18 Antonioli et al., 2007

120 Cagliari core C. vulgatum 39.2161,

9.0939

GX-30098 4090# 70 4129# 109 "7.80þ 0.5–2 "3.87 "5.9 "0.95# 0.31 "0.46# 0.31 Antonioli et al., 2007

121 Cagliari core Hinia reticulata

mamillata

39.2161,

9.0939

GX-30097 6930# 80 7345.5# 71 "14.90þ 0.5–2 "12.35 "17.1 "0.35# 0.17 0.30# 0.17 Antonioli et al., 2007

122 Cagliari core C. vulgatum 39.2161,

9.0939

GX-30096 7010# 80 7493# 61 "19.20þ 0.5–2 "12.94 "21.3 "0.84# 0.17 0.28# 0.17 Antonioli et al., 2007

123 Cagliari core Hinia reticulata

mamillata

39.2161,

9.0939

GX-30100- 7270# 80 7737# 83 "25.20þ 0.5–2 "13.92 "23.4 "1.46# 0.16 "0.23# 0.16 Antonioli et al., 2007

124 Cagliari core Hinia reticulata

mamillata

39.2161,

9.0939

GX-29077- 9050# 30 9753# 74 "30.56þ 0.5–2 "34.05 "42.8 0.36# 0.15 1.25# 0.14 Antonioli et al., 2007

125 Santa Gilla Insitu Anphorae 39.26333,

9.031944

– – 2450# 40 "2.0# 0.22 "1.90 "2.3 "0.04# 0.08 0.12# 0.09 Antonioli et al., 2007

126 Tharros Thombs Quarry 39.879230,

8.435920

– – 2200# 200 "1.35# 0.30 "1.63 "1.75 0.13# 0.15 0.27# 0.15 Antonioli et al., 2007

127 Capo Testa Quarry. "70, Pier 41.24031,

9.16118

– – 2000# 200 "1.20# 0.30 "1.60 "1.70 0.2# 0.17 0.25# 0.18 Antonioli et al., 2007
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Comparison of the current elevations of the markers (i.e., the
relative sea-level change at each location) with the sea-level
elevation predicted by two models at each location readily iden-
tifies stable sites from sites affected by deformation. Tectonic
stability is inferred at sites where the elevations of the markers are
in agreement with the predicted sea-level curve. Conversely,
tectonic subsidence or uplift is indicated where the elevations of
the markers are below or above those of the predicted sea-level
curve, respectively. Concerning the new MIS 5.5 markers, the base
of paralic sediments retrieved in cores is used as altitude reference.

4. Data analysis

4.1. Istrian, Friulian and Venetian Plain

4.1.1. Holocene

Late Holocene sea-level indicators in the NE Adriatic coast (Italy,
Slovenia and Croatia) are submerged because of tectonic subsi-
dence. In Istria and Trieste coast, sea-level data have been obtained
using precise measurements of six submerged Roman archaeo-
logical sites datedw2.0 ka (Antonioli et al., 2007) and five 14C dates
of lagoon fossils and organic carbon from marine cores or outcrops
in urban archaeological surveys (Ogorelec et al., 1997; Covelli et al.,
2006; Furlani et al., 2007) (Figs. 5 and 6).

On the Brijuni islands (Croatia, Fig. 6), archaeological excava-
tions performed during the 1990s documented the architecture of
the underwater structures and determined the period of use.
Measurements indicate a relative sea-level rise of 1.80# 0.60 m for
the foundation and 1.60# 0.60 m for the pier’s upper surface (Table
1, sites 1 and 2).

In Sicciole (Croatia) (Table 1, sites 3 and 4, Fig. 6), two large piers
and an underwater terrace suggest a sea-level change of
1.50# 0.60 m. In San Simone (Izola, Slovenija) (site 5), a Roman pier
is the best sea-level indicator of the area. The pier shows three
layers of large stone blocks. The presence on the upper layer of large
mooring rings suggests a relative sea-level rise of 1.60# 0.60 m. In
S. Bartolomeo (Slovenija) (site 8), the preservation of the ancient
walking surface on the eastern side of a large fish-pond at "0.8 m
indicates a sea-level rise of 1.40# 0.60 m. At Punta Sottile (site 9)

the Roman sea level has been obtained from a pier. The structure
suggests a relative sea-level rise of 1.60# 0.60 m. At Stramare (Italy,
site 10, Fig. 6), an anthropogenic terrace suggests a sea-level rise
since Roman time of 1.60# 0.60 m. In the Bay of Koper, during an
engineering excavation (Župančič, 1985), a sample of Cardium sp.
was collected at "1.24 m (Table 1, site 7) and was dated at
1367# 83 BP (Ogorelec et al., 1997).

The following sedimentological indicators from cores and
coastal deposits when compared with predicted sea level curve
would suggest the absence of tectonics in some areas of the Gulf of
Trieste: wood in a peat layer from core V6 in the Sečovljie Plain,
(Koper Bay) (site 5), which provided a 14C age of 9180#120 BP at
"26.5 m; two samples of Bittium reticulatum aged 2065#120 BP at
0 m a.s.l. and 2020#120 BP at þ0.10 m (Table 1, sites 11 and 12);
a 14C age of mottled peat at –25 m (9140# 40 BP) in core GT1 (site
13); and a Cerastoderma glaucum lagoonal shell at "26 m
(8810# 40 BP) in core GT3 (site 14).

In the Venetian-Friulian plain new stratigraphic information
about the Holocene sea-level positionwere obtained from lagoonal
deposits found in boreholes betweenTagliamento River and the city
of Venice (Fig. 6). Other data are derived from the abundant litera-
ture available for the Venice lagoon and its mainland (Serandrei-
Barbero et al., 2001; Bondesan et al., 2002, 2003, 2004; Donnici and
Serandrei-Barbero, 2004; Canali et al., 2007). Most of the dated
samples correspond to the base of the Holocene lagoonal deposits,
which generally overlie the Last Glacial Maximum alluvial plain
deposits (Mozzi et al., 2003; Fontana et al., 2008). The stratigraphic
features considered as sea-levelmarkers are the topof the organic or
peaty horizon representing transgressive swamp or salt marsh
deposits or shells embedded in fine-grained lagoonal deposits.

A particular setting characterizes the area of sites Concordia-
Sepolcreto (samples 16–18 from a single core, Fig. 6) and Concordia-
Paludetto (samples 19–20 from a single core), where two fluvial
incisions were developed and abandoned by the Tagliamento River
between the Lateglacial and the early Holocene. Sea-level rise caused
the lagoon to submerge these pre-existing valleys (Fontana, 2006;
Fontana et al., 2008). The base of lagoonal deposits is recorded at
"6.85 m in Sepolcreto (sample 17), with a radiocarbon age of
5700# 70 BP, and at"8.59 m in Paludetto (sample 20)with an age of

Table 2

MIS 5.5 data.

Site

no.

Locality Coordinates Kind of marker Tecnique of chronological

attribuition and age

Shoreline

elevation

m a.s.l. base

Vertical

displacement

rate mm\a

Error bar Reference

200 Piancada 45.783750,

13.084250

Base of lagoonal

deposits

Stratigraphic correlation "57.5 "0.49 þ1 "5 Feruglio, 1936

201 CNC4 Concordia 45.759333,

12.840972

Lagoonal deposits Pollen correlation

stratigraphic correlation

"48.8 "0.5 þ1 "5 This paper

202 Belfiore PRA 45.774417,

12.713000

Base of lagoonal

deposits

Pollen correlation

stratigraphic correlation

"52.5 "0.48 #2 This paper

203 Torre di Mosto

TdM

45.621667,

12.756111

Base of prodelta-inner

platform

Pollen correlation

stratigraphic correlation

"70.5 "0.54 þ1 "5 This paper

204 Portegrandi 45.549028,

12.433833

Base of neritic to

lagoonal deposits

Stratigraphic correlation "71.0 "0.58 þ1 "5 Tosi et al., 2007

205 Malamocco 45.336544,

12.326236

Base of

interdistributary

bay deposits

Stratigraphic correlation "86 m "0.69 #5 This paper

206 Valle Averto 45.352278,

12.137500

Base of lagoonal

deposits

Stratigraphic correlation "63.6 "0.57 #2 Donnici and

Serandrei-Barbero,

2004

207 Tirrenia,

Core M1

43.629775,

10.288722

Base of lagoonal

deposits

Pollen correlation stratigraphical

correlation supposed MIS 5.5

"102 m 0.77 #10 Aguzzi et al., 2007

208-209 Versilia 43.800, 10.317 Cladocora coespitosa

in core

MC-ICP-MS U-Th age:

195.7# 1.6 ka, MIS 7.1

"72.8 "0.22 "10 This paper

210 Tavolara 40.921111,

9.733889

Notches Stratigraphic correlation 6.8–7.2 Stable #0.1 This paper
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5910# 70 BP (Fontana, 2006). In Sepolcreto (sample 16) a salt marsh
peaty horizon dated to 4080# 70 14C years is found at "5.0–5.05 m
and a base-level swamp peat dating to 1800# 60 BP at "2.8–2.9
(sample 18). In Paludetto a similar stratigraphy has been described,
with minor differences in age and vertical position; the base of the
coastal swamp horizon has an elevation of "3.79 m and dates to
1920# 60 BP (sample 19), whereas the salt marsh peaty horizon at
"5.60–5.80 m has not been dated yet (Fontana, 2006).

In the present lagoon of Caorle the base of Holocene lagoonal
deposits was observed at "5.15 m (site 15) and at "8.55 m in the
adjacent reclaimed area of site 21, with an age estimate of
5730# 45 and 6080# 80 BP, respectively (Fontana, 2006). Between
Livenza River and the north-eastern fringe of the lagoon of Venice
the boundary between LGM alluvialplain and lagoonal deposits has
been found at "9.2 m in site 23, with a 14C age of 6580# 55 BP, and
at a shallower depth for the younger dated levels of site 22

(3570# 70 BP at "2.5 m) and site 24 (3140# 40 BP at "3.8 m)
(Bondesan et al., 2002, 2003).

At site 25 the ingression of the lagoon along a little ground-
water-fed river submerged the wooden bridge crossing the channel
and the adjacent path of the Roman road named via Annia. The
lagoonal sediments cover artifacts dating to the first half of the 1st
century BC and at their top some remains of the 1st century AD are
present (Bondesan et al., 2004). Moreover, damage to the road
forced building of a new pathway 200 m landward in the first part
of the 1st century AD. This setting indicates a sea-level rise of
1.6# 0.60 m since that period.

In the eastern sector of the Venice lagoon, Canali et al. (2007)
found the base of lagoonal deposits at "10.15 m and "12.9 m in
cores BH2 and BH1, which gave ages of 6740# 50 BP (site 26) and
6840# 40 BP (site 28), respectively. On the island of Burano (site
27) the lagoonal deposits overlie the LGM alluvial plain deposits at

Fig. 5. Map of the Holocene and MIS 5.5 sites discussed in this paper with site numbers.
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"4.2 m, with an age of 4120# 40 BP (Lezziero, 2002). In the
subsurface of Venice, the base of lagoonal deposits in San Marco
square (site 30) has a depth of "5.8 m and an age of 4670# 70 BP
(Serandrei-Barbero et al., 2001). Along the inner margin of the
lagoon of Venice, one of the youngest datings of the base of
lagoonal deposits has been detected in the industrial area of

Marghera (site 29), where the boundary with alluvial plain deposits
dates to 1095# 55 BP and lies at "1.50–1.65 m.

4.1.2. MIS 5.5

Several new sites related with sea-level position during MIS
5.5 are presented. These have a fairly good W–E distribution along

Fig. 6. Map of the Northern Adriatic Sea with the distribution of the sites considered in the research. a) Alluvial and coastal sediments; b) pre-Quaternary bedrock; c) area of cores

from Correggiari et al., 1996; d) main cities; e) sites with Holocene sea-level marker (Refs. Table 1); f) sites with MIS 5.5 sea-level marker (Refs. Table 2; sites from southern delta Po

are from Ferranti et al., 2006); g) core with continental deposits during MIS 5.5, A: Azzano, B: Faenza, C: Imola; h) isobath line; i) most inner margin of Holocene lagoon; l) most

landward position reached by the Holocene coast; m) inner margin of MIS 5.5 lagoon (A from Zanferrari et al., in press; (i, l and m from Amorosi et al., 2008c). The color of the circles

refers to the subsidence rate, expressed in mm/a. In grey, the area studied by Correggiari et al., 1996.
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the distal sector of the plain. Some are introduced in this paper
(Fig. 6, Table 2, sites 201, 202, 203, 205), whereas other data were
obtained from published deep boreholes (Table 2, sites 200, 204,
206). The new stratigraphic data were obtained from boreholes
mainly drilled for the Geological Map of Italy (CARG-Veneto
Region) (Fontana, 2006; Fontana et al., 2008) as well as for the
MOSE Project by Venice Water Authority (Fontolan et al., 2007).
Due to the recent stratigraphic drilling carried out in the Friulian
plain, the base of the lagoonal sediments intercepted in the core
of Piancada between "38 and "58 m (Feruglio, 1936) could be
correlated to MIS 5.5.

Lagoonal sediments between"37 and"49 mhave been found on
the borehole carried out in in the area of the Roman theatre (Table 2,
site 201) inside the Roman city of Concordia Sagittaria, between
Sepolcreto and Paludetto (samples 16–18 and 19–20, Table 1);
although the drilling did not reach the boundarywith the underlying
alluvial plain deposits, stratigraphic and pollen correlation, with an
error bar of #5 m, allow assignment of these deposits to MIS 5.5.

One of the most important sites to determine sea-level position
during the peak of MIS 5.5 transgression in the western Friulian
plain is the Belfiore core, which is characterised by lagoonal sedi-
ments between "46 and "51 m. These deposits overlie a fairly
developed palaeosol formed on top of the MIS 6 alluvial plain. In
the Azzano core (site A in Fig. 5; Zanferrari et al., in press) 6 km
north of Belfiore, only continental deposits have been found since
the end of middle Pleistocene, but pollen analyses support chro-
nostratigraphic correlation betweenMIS 5.5 alluvial deposits found
in Azzano and the lagoon sediments of Belfiore. This allows tracing
of the inner margin of the MIS 5.5 lagoon, which marks the peak of
the transgression (Fig. 6).

About 20 km south of Belfiore, in borehole Torre di Mosto,
a succession of prodelta to lagoonal deposits, with an erosional
lower boundary on the MIS 6 alluvial plain deposits, lies between
"72 and "44 m. A similar succession has been described in Por-
tegrandi (Tosi et al., 2007), where the boundary between alluvial
plain and neritic deposits has a depth of"71 m; from"71 to"65 m
the transition to lagoonal facies is observed, followed by delta-front
sediments up to "55 m (Tosi et al., 2007). In core Valle Averto
lagoonal deposits of MIS 5.5 have been recognized between "63.3
and "60.45 m, overlying the alluvial plain deposits of MIS 6
(Donnici and Serandrei-Barbero, 2004).

Borehole CVN-CH1 M, located within the Malamocco Inlet
(Venice, Fontolan et al., 2007), reached "100 m below m.s.l. The
core lacks the Holocene sedimentary succession, due to the
erosional effect of the inlet, but recovered the complete trans-
gressive–regressiveMIS 5.5 cycle between 86 and 69 m belowm.s.l.
The base consists of a bioturbated mud facies (interdistributary
bay), overlain by laminated inner prodelta silts, which represent
the maximum flooding deposits, settled slightly below the local
closure depth ("6 to "7 m). The overlying coarsening-upward
succession testifies the terminal phase of MIS 5.5 regression,
culminated with coastal medium sand deposits at "69 m below
m.s.l. A subsequent 18-m-thick sand without any marine fossils
may represent a phase of subaerial deltaic progradation. The depth
of the base of the MIS 5.5 paralic deposits found in the cores Por-
tegrandi (Table 2, Fig. 5, site 204, Tosi et al., 2007), Valle Averto (site
206, Donnici and Serandrei, 2004), Venezia Malamocco (site 205)
and Venezia (Kent et al., 2002; Massari et al., 2004), shows
considerably different elevations between "63.6 and "86 m.

Between cores Valle Averto and Venice a difference of about
15 m exists, while their planimetric distance is only 10 km. A
similar difference is apparent between the core VeneziaMalamocco
(site 205) with Portegrandi (site 204) which are also 10 km apart.
These differences in depth could be explained according to the
erosive morphology which shaped the pre-existing alluvial plain
before or during the trasgression.

4.2. Romagna and the Po River Delta

Despite the abundant literature on the Holocene stratigraphy of
the Adriatic coastal plain south of Po River Delta (Romagna coastal
plain), the stratigraphic architecture in the subsurface of the present
delta system is poorly known. New stratigraphic data in this area are
derived from two continuously cored boreholes, about 35 m deep,
that were recently drilled at Boccasette (Core 3, site 31) and Barricata
(Core 1, site 32), beneath the modern delta plain (Amorosi et al.,
2007, 2008b) At these locations, two 14C ages of 8495# 55 BP and
8404#100 BP, respectively, were obtained from transgressive
swamp deposits collected at about 30 m depth (Table 1, sites 31–32).

In a relatively landward position (Romagna coastal plain), the
Holocene transgression is recorded at comparatively shallower
depths (about "25 m), within similar paludal deposits dated to
8220# 60 BP at Pomposa (Core 187-S1, site 33, in Bondesan et al.,
2006), and 8170# 50 BP at Ravenna (Core 223-S1, site 37, in
Amorosi et al., 2005). At all these sites, early transgressive deposits
invariably overlie an alluvial plain succession assigned to the Last
Glacial Maximum. The boundary between these two facies associ-
ations is an unconformable surface, corresponding to an indurated
and locally pedogenized horizon.

Recent correlation of millennial-scale depositional cycles from
the subsurface of Romagna coastal plain has enabled identification
of the Holocene transgressive deposits up to 30 km landward of
present shoreline position (Amorosi et al., 2005). In this case,
lagoonal and swamp clays collected at an approximate depth of
15 mprovide ages of 6895# 80 and 7735# 50 BP, respectively (sites
34–35). A lagoonal deposit with fossils Cerastoderma was sampled
in a core at "9 m 27 km inland (site 36): its age is 5600# 50 BP.

In the Adriatic Sea east of the Po Delta, Lambeck et al. (2004a)
compared the predicted sea-level curve to many data (Correggiari
et al., 1996) from sediment cores that have yielded 23 depth–age
datapoints within the depth interval from 26 to 52 m with radio-
carbon-based ages of 9.3–12.9 ka cal. BP. The analyses carried out
on lagoonal-marsh deposits, comparedwith the predicted sea-level
curve indicate tectonic stability for the entire area (Figs. 1 and 6).

Concerning the position of the MIS 5.5 highstand body, the
linkage between coastal and lagoonal deposits is well established
on the basis of stratigraphic correlation of long-cored sedimentary
successions, up to 200 m thickness, from the Romagna coastal plain
(Amorosi et al., 2004). Two new deep boreholes (S1 and S2) from
Imola and Faenza areas, drilled by Regione Emilia-Romagna, as part
of Geological Mapping project of Italy at 1:50,000 scale (Sheet 239),
display the vertical stacking of alluvial (fluvial-channel and flood-
plain) facies, with no intervening brackish-water deposits (A.
Amorosi, unpublished data). This allows tracing the 5.5 shoreline
north of these cores.

4.3. Central and southern Adriatic coast of Italy

Different kinds of markers tracking the Holocene sea-level
history are found in this wide coastal area. However, large stretches
of coast lack accurate sea-level markers and reliable chronological
constraints (see for instance: Mastronuzzi and Sansò, 2002b, 2003).
Data derived from geomorphologic and archaeological surveys
performed in five different sites in Marche (site 38), Abruzzo (site
39) at the boundary between Molise and Puglia (sites 40–43),
central (sites 44–48) and southern Puglia (49–53) were used. These
data include both sea-level and less specific coastal markers
(Antonioli and Leoni, 1998; Auriemma et al., 2004).

A Roman age fishtank (2 ka BP) in site 38 was recently measured
at an altitude of "1 m b.s.l. (Profumo, 2007). Further south, in site
39, earliest Holocene continental peat has been encountered in
borehole at w18 m b.s.l. (Parlagreco et al., in press), thus limiting
the coeval sea-level rise landward.
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At the boundary between Molise and Puglia, the Fortore River
built its coastal plain around the Punta delle Pietre Nere headland.
Here, a columnar bioconstuction some hundred metres wide and
characterised mainly by calcareous algae and globular colonies of
Cladocora coespitosa is found up to w1 m a.s.l. (sites 40–43).
Samples of C. coespitosa collected at 0.50 m a.s.l. yielded a 14C age of
5950#110 years (Table 1). Moreover, the same bioconstruction is
colonised by sparse vermetids and Lithophaga sp.; in their lowest
part a continuous band of Dendropoma sp. is at about 0.30 m a.s.l.
14C dating of the superposed Lithophaga, vermetid and Dendropoma

yields different yet more recent ages than the Cladocora bio-
construction. These relations can be interpreted with different
phases of coseismic emersion (Mastronuzzi and Sansò, 2002a),
consistent with active thrusting in the Gargano area. Along the
Tavoliere coastal plain different archaeological and palae-
ontological data coming from sites 44 to 48 in Palude Frattarolo
(Table 1) are consistent with a Late Holocene relative sea-level rise;
in particular, the finding of lagoonal deposits characterised by C.

glaucum indicate different phases of transgression (Caldara et al.,
2002; Caldara and Simone, 2005).

Along the coast of the Murge block three archaeological sites
preserve land indicators used to constrain the coeval shoreline
location (Auriemma et al., 2004, 2005; Milella et al., 2006). In the
Egnatia harbour area (sites 49–51), tombs and quarries of Messapic
age (2450# 50 BP), cisterns, sewers and harbour structures of
Roman age (2000#100 BP) and quarries of Medieval age
(500#100) are at present at a few cm b.s.l. (Table 1). These findings
are confirmed in the Santa Sabina harbour area, w40 km to the
south (site 52) (Auriemma et al., 2005). Finally, in site 53, pile holes
of huts belonging to a settlement ascribed to the Bronze Age
(3750# 250 BP) have been found between 0.5 and 2.5 m b.s.l.

4.4. North-eastern Calabria coast

Few data on the Holocene relative sea-level change are available
in Northern Calabria, and they all come from a spatially limited area
of subsidence on the Ionian Sea coast. Dated Holocene markers are
located in the area of the archaeological site of Sybaris, where
historical subsidence is documented by the vertical stacking of
three archaeological levels (Pagliarulo et al., 1995).

The historical subsidence has been traced to the Latest Pleisto-
cene-Early Holocene by means of several boreholes, which crossed
lagoonal deposits grading downward to littoral deposits, including
several peat levels. Ages published by Pagliarulo (2006) from peat,
organic-rich mud or shell sampled within four different boreholes
(three in the archaeological area along the Crati River and the
fourth w1 km to the northwest, sites 54–65) were recalibrated
(Table 1). These ages established a pattern of near equilibrium
between the competing effects of sea-level rise, regional uplift and
local subsidence due to compaction of the peat layers and back-
shore lagoonal mud. However, a locally intense difference is found
between boreholes located either away (samples 54 and 55, from
a single core) or close to (samples 56–65, with the exception of site
60, coming from the remaining three cores) the ancient town and
the Crati River course. In general, whereas data from the ancient
town document a larger subsidence, the site away from the back-
shore/floodplain environment has a lesser downlift or even a small
uplift (datapoints 54–55). Similar results were obtained by Cucci
(2004) using these four plus two additional published boreholes.
The large subsidence in the archaeological site is attributed to
differential compaction (Cucci, 2004; Pagliarulo, 2006). However,
the very large subsidence reported frommany boreholes may result
from the drilled mud reflecting a floodplain rather than a coastal
envirnment.

A new age was obtained from a shell of Donax sp. which was
attached at "1.14 m b.s.l. on the external wall of Casa Bianca

(Randisi, 2007), the more seaward section of the ancient town (site
66). This wall, during the 1st century B.C., enclosed a small settle-
ment abutting the ancient coastline (Greco and Luppino, 1999). The
wall was sitting on a previous basement, but accurate archaeolog-
ical age constraints are lacking. This settlement includes a paved
towpath which probably hosted small boats when not used, in
a manner similar to the present-day usage. The shell calibrated age
ofw1.3 ka confirms ongoing subsidence after abandonement of the
settlement.

4.5. Sicily Channel, Eastern Sicily and Southern Calabria coast

In the Sicily Channel (Fig. 5), according to historical reports, the
north-eastern coastal sector of the volcanic Pantelleria Island was
strongly uplifted up to 1 m a.s.l. since one year before the onset of
the October 1891 offshore eruptive event. In order to verify the
occurrence of uplifted coastal sectors, detailed mapping of
morphological and biological indicators of raised palaeo-shorelines
was carried out all over the island coastlines (see also De Guidi and
Monaco, this volume). This survey confirmed the occurrence of the
observed raised shoreline and allowed to identify two additional
palaeo-shorelines located at elevations of 1.5–2.7 m a.s.l. and
2.5–4.3 m a.s.l., respectively. Radiocarbon dating on samples of
corals and vermetids placed tight time constraints on the uplifting
of the raised shorelines. In particular, two samples of Dendropoma

petraeum collected at elevations of 4.2 m (site 67) and 2.2 m (site
68) yielded ages of 1360# 30 and 1155# 30 BP, respectively.

In south-eastern Sicily (Fig. 7), data on relative sea-level change
have been obtained by analysis of boreholes from lagoonal deposits
(see also Monaco et al., 2004; Scicchitano et al., 2007) and by
measures of submerged archaeological markers and of speleothems
collected in submerged karstic caves (see also Scicchitano et al.,
2008). In the south-eastern corner of Sicily (Vendicari lagoon) the
14C AMS dates for a C. glaucum sampled in a borehole at "5.40 m
b.s.l. and a Cerithiumvulgatum sampled at"6.90 mb.s.l. gave ages of
4610# 40 and 4890# 40 BP, respectively (sites 69 and 70).

A submerged speleothem was collected at site 71, located along
the Syracuse coast, at about "22 m depth. Numerical age deter-
mination of the last marine encrustation on this speleothem was
carried out on a sample taken from the base of the Serpulid crust
coating the stalagmite at"20.22 m corrected depth, and yielded an
age of 7780# 230 BP (Schiccitano et al., 2008). As Serpulids colo-
nize quite quickly after a cave becomes inundated (Antonioli et al.,
2001), this age represents a precise time estimate of cave
submergence during the last transgression.

A partially submerged Bronze Age tomb located at site 72 shows
its floor at"1.21 m below the present sea level. Taking into account
that the palaeo-sea level was at least 0.60 m lower than the original
floor, the relative sea level should have been at "1.81 m depth
3.5# 0.3 ka ago. This value can be compared to that obtained by the
palaeo-topography of the Ognina bay site 73, which is characterised
by sea-bottommaximum depths of"2.97 m (corrected for tide and
pressure). In the Bronze age (3.5 ka ago), the sea level was 3.5 m
lower than the present (Lambeck et al., 2004a). The channel bottom
should have been emergent, unless tectonic uplift has occurred in
the intervening time. Taking into account that the ships that used
these coastal structures could have had a possible draught of about
1.0 m (Antonioli et al., 2007) and assuming negligible sediment
accumulation since the Bronze Age, the relative sea level should
have been not more than 1.97 m lower than the present, which
might fit with the maritime topography analyzed. Another impor-
tant marker for identifying sea level comes from old Greek quarries
located in the site 74. Their floor is at a corrected maximum depth
of 0.38 m below sea level and considering that the palaeo-sea level
was at least 0.60 m lower than the anthropogenic platform (0.30 m
above high tide to be always dry), the relative sea level should have
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been at "0.98 m depth 2.6# 0.1 ka ago. For the ground-plan of
a partially submerged Bronze Age tomb at Thapsos site 75, a cor-
rected value of "0.43 m has been estimated. Considering a func-
tional height of 0.60 m, the palaeo-sea level should have been at
'"1.03 m depth. A significant marker is represented by the old
Greek archaeological site 76 ofMegara Iblea. The pier head is located
at "0.88 m and considering a functional height of 0.60 m, that is
0.30 m above high tide (þ0.30 m) to be always dry, the relative sea
level should have been at "1.48 m depth 2.6# 0.1 ka ago.

In the Catania Plain, the 14C AMS dating of a bivalve fragment
sampled in a borehole at "7.20 m b.s.l. and a Cerastoderma sp.
sampled at "37.90 m b.s.l. yielded ages of 6343# 41 and 9110#

50 BP, respectively (sites 77 and 78).
In north-eastern Sicily (Figs. 5 and 7), new data on relative

sea-level change have been recently obtained on the eastern side of
Capo Peloro facing the Messina Straits (Ganzirri, site 79, Table 1),
Here, uplifted conglomerates crop out at elevations from "2 m to

þ0.70 m relative to present sea level. Serpulids encrusting the
conglomerate were sampled close to the maximum elevation of the
deposit and yielded an age of 5557#47 BP. This age is confirmed by
archaeological remains younger than 5 ka (Antonioli et al., 2004a)
associatedwith the sand that covers the conglomerate. Not far from
this site, uplifted upper infralittoral gravel deposits occur in the
Milazzo peninsula (site 80, Table 1), where 14C dating on a spec-
imen of Patella sp. sampled at 2 m. a.s.l. showed an age of
5665# 36 BP (Gringeri et al., 2004).

In southern Calabria (Fig. 7) new data derive from the Scilla–
Palmi coast and the Capo Vaticano area. Along the Scilla–Palmi
coast two Holocene uplifted shorelines have been identified
(Antonioli et al., 2004a; Ferranti et al., 2007). The upper shoreline is
represented by a wave-cut platform locally covered by fossiliferous
beach deposits including intact or fragmented bioclasts. At Marina
di San Gregorio (site 81–85), the upper shoreline is conservatively
estimated at 3.65 m a.s.l. halfway between the upper limit of the

Fig. 7. A Detailed map of Eastern Sicily and southern Calabria showing Late Pleistoicene and Holocene site uplift rates.
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beach sands and the upper limit of fossil shells observed in the
deposit. Conversely, the availability of several elevation constraints
allows a robust elevation estimate at w2.9 m a.s.l. for the upper
shoreline at Punta Paci (site 86–92; Table 1), although the nominal
uncertainty is large. On the coastline between Palmi and Bagnara,
the upper shoreline elevation sharply decreases tow2.2 m a.s.l. at
site 93 (Table 1).

The lower shoreline is characterised by a prominent barnacle
band, and locally by a wave-cut platform. The band lies at different
elevations ranging betweenw0.8 andw1.8 m a.s.l. This variability
reflects both differences in environmental energy and lateral
variations in tectonic displacement. In the Scilla area (sites 81–92),
the elevation markedly changes across a few tens of metres from
w0.8–1.9 m a.s.l. on a relatively sheltered platform to w1.7–2.9 m
a.s.l. within a surge channel. At the platform site, an algal rim
bored by Lithophaga holes is found at w1.4 m a.s.l. below the
denser patch of the barnacle band, and only isolated individuals
are found beneath. Similarly, in the Palmi area (site 94) the band
varies in elevation from w0.9–1.8 to 1.5–2.5 m a.s.l. across a short
distance. Duration of the lower shoreline is tightly constrained by
ages of barnacles between 3.5 and 1.9 ka, and its inception is in
good agreement with cessation of the older shoreline (Ferranti
et al., 2007).

At Capo Vaticano, two ages of 5.5 and 5.8 ka from shells sampled
at about 1.6–1.8 m (sites 95 and 96) published by Antonioli et al.
(2006) were supplemented by two new radiometric determination
from shells sampled at 0.6 and 1.6 m, which yielded ages of 3.9 and
5.7 ka, respectively (sites 97 and 98).

4.6. Central Tyrrhenian coast (Area 6)

Sites 99 and 100 are located in a famous and very unstable area
of the Campania region. Here during the past 2 ka yrs, vertical
movements (bradysism) of several metres have occurred in the
active volcanic caldera of the Phlegrean Fields in Pozzuoli Bay.
Morhange et al. (2006) sampled and dated (1235 and 2250 BP)
some fossil shells, on marble columns of Roman age at an elevation
of about 7 m a.s.l.

In the north, along the Latium coast, several Roman age fish
tanks were accurately measured at a depth of between "1.04 and
"1.35 m b.s.l. (Lambeck et al., 2004b). This archaeological marker
is considered one of the most reliable sea-level indicators with
a very low error bar, and a selection of seven sites is considered in
this paper (Figs. 4 and 5, sites 101–106 and 109). In southern
Tuscany, at the Etruscan site of Pyrgi, two novel data are repre-
sented by a water cistern whose opening presently lies at "0.25 m
b.s.l., and a terrace hosting hut holes found at "3.5 m b.s.l. (sites
106–107). The cistern and hut holes have been assigned an early
Roman (2400 yrs BP, site 107) and Early Bronze (w4700 BP) age,
respectively (Enei, 2008). A functional height of 1 m is assigned to
both sea-level markers.

4.7. Northern Tuscany and southernmost Liguria coast (Area 7)

New stratigraphic data from the subsurface of the Arno coastal
plain have recently documented the presence of an incised-valley
fill of Holocene age, 30–40 m thickness. The valley body, which is
recognized approximately beneath the present Arno River, can be
physically traced landward of the Tyrrhenian coast in the subsur-
face of Pisa and Pontedera (Aguzzi et al., 2007; Amorosi et al.,
2008a). A huge thickness (50–55 m) of Holocene deposits is the
diagnostic stratigraphic feature of the valley fill, while less than
20 m of Holocene sediments are generally recorded on the
interfluves.

A radiocarbon date of 10,004# 50 BP has been recorded at
a depth of about 51 m at the base of the Holocene transgressive

succession within the 105 m long Core M1 (Figs. 4 and 5, Table 1,
site 110). Higher up in the stratigraphic column (Table 1, site 111),
an age of 8840# 75 BP has been obtained from estuarine deposits
(Aguzzi et al., 2007).

Transgressive deposits flooring the palaeovalley can be traced
a few tens of km upstream, in the Pontedera area (Core CC in Aguzzi
et al., 2006), where a radiocarbon age of 10.106# 60 years BP is
recorded at about 55 m depth within swamp deposits (Table 1, site
114). Close the town of Pisa (Core S1, 56 m thickness), lower estu-
arine deposits at about 45 m depth have been dated to
11,034# 63 BP (Amorosi et al., 2009), while lagoonal deposits
above the incised-valley fill, at 13.5 m depth, have provided an age
of 7370# 60 BP (Table 1, sites 112 and 113). Concerning the position
of MIS 5.5 deposits in the Arno plain, Aguzzi et al. (2007) have
documented from Core M1, at about 102 m depth, the presence of
a transgressive suite of lagoonal and transgressive barrier sands,
overlain by prograding, highstand delta-front deposits. This trans-
gressive–regressive succession, which is separated from the Holo-
cene marine deposits by about 40 m of continental deposits, is
assigned to MIS 5.5 on the basis of integrated stratigraphic and
pollen data (Table 2, site 207).

Lambeck et al. (2004a) found an excellent agreement between
the model-predicted sea level and the observational evidence
(mainly lagoonal shells) in the ENEA core located in the Versilian
Plain, indicating tectonic stability in this area during the Holocene.
Hence, this core has become a regional reference for the marine
Holocene transgression in the Mediterranean Sea. However, MIS 5
ages for some corals found lower in the core suggest subsidence
over this longer timescale, but the available ages are imprecise.

To better understand the older marine trasgressions and the
tectonic assesment, new U-Th analyses using a multi-collector
inductively coupled mass spectrometer (MC-ICP-MS) on two
different Cladocora layers from the ENEA core: at "72.8 and
"68.5 m are presented. These samples were analyzed following the
procedure described in McCulloch and Mortimer (in press). Results
indicate older ages (195.7#1.6 and 161.2#1.2 ka, respectively)
relative to the MIS 5.5 ages published in Nisi et al. (2003), which
were based on alpha-counting U-Th data. However, the shallower
(and younger sample) has a very low initial d234U value (w108
permil) compared to that of modern seawater, indicating that it
may be altered. The other sample, which gave the MIS 7.1 age, has
a slightly low d234U value (w140 permil). However, this value is
within an acceptable range of themodern composition and hence is
regarded as reliable. Given the absence of evidence for a regression
between these two samples in the core, it is likely that the shal-
lower sample is also from MIS 7.1 (see Table 2, sites 208 and 209).

At La Spezia (Liguria), the channel of a pier was recently
measured at "0.41 m (Chelli et al., 2005). A functionality of 44 cm
(mean of the Italian tide) was added (Table 1, site 115).

4.8. Sardinia coast (Area 8)

Antonioli et al. (2007) recently provided new data on relative
sea-level change during the late Holocene from twelve locations in
Sardinia. These are based on precise measures (applying correc-
tions for tide and atmospheric pressure values at the time of
surveys) of submerged markers, such as piers, thombs, and
quarries, aged between 2450 and 1600 BP, located along the coast.

The following markers were studied and measured in situ:
amphorae at Santa Gilla at "2.00 m (site 125); a quarry at Perdesali
at "1.32 m (site 119); the pavement of a Basilica and a pier at Nora,
at "1.02 and "1.42 m, respectively (sites 117 and 118); a 400-m
long breakwater dock at Capo Malfatano (site 116) at "2.10 m;
a tumb at Tharros at"1.35 m (site 126) and a pier at CapoTesta (site
127) at "1.20 m.
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A core was recovered near the town of Cagliari (Orrù et al.,
2004). The core crossed Holocene marine deposits containing
lagoonal fossils. Five samples were sampled at a height between
"34 and "7.8 m. 14C analyses provided ages between 4090 and
9050 BP (sites 120–124). For MIS 5.5, 11 new measures were
determined from a well-developed tidal notch carved on the
limestones at Tavolara island (eastern side of the island), which lies
at an elevation between 6.9 and 7.8 m (Table 2, site 210).

5. Isostatic model, and comparison of predicted and

observed RSL data

In a dynamic Earth, sea-level variations driven by the melting
of large continental ice sheets depart from eustasy because of
solid Earth deformations and geoid height variations, which result
from time-dependent variations of ice and water loads on the
Earth surface. The description of the interaction between the solid
Earth, gravity field and the cryosphere, has been given in the
seminal work of Farrell and Clark (1976), who provided a self-
consistent theory of glacio and hydro-isostasy also taking into
account for the effects of the delayed response of the mantle due
to delayed visco-elastic effects. Solving the resulting fundamental
equation (the so-called ‘‘Sea-Level Equation’’) shows a large
spatial and temporal variability of relative sea-level variations in
various parts of the globe, which is an integrated effect of mantle
rheology, the complexity of the ocean-continents distribution, and
of the deglaciation time-history. A review of the physics behind
the Sea Level Equation and of applications to the interpretations
of post-glacial sea level change is beyond this paper. For
a discussion of the history of Holocene sea level in the Mediter-
ranean, the reader is referred to Lambeck et al. (2004a) and
references therein, while an in-depth investigation of the role of
remote ice sheets has been given in Stocchi and Spada (in press)
by an analysis and an interpretation of the shape of relative sea-
level curves.

Here, two different sets of relative sea-level predictions for the
Mediterranean are provided, based on two distinct approaches. The
first set, labelled by ‘‘L’’ in Table 1, is based on the recent study of
Lambeck et al. (2004a), while the second set, reported in column ‘‘I’’
of Table 1, has been obtained by independent solutions of the Sea-
Level Equation by an open-source program (SELEN, a Sea-Level
Equation solver) recently published by Spada and Stocchi (2007),
which can provide predictions of various geophysical quantities
related with glacial isostasy. The prediction of Spada and Stocchi
assumes an a-priori ice sheet chronology (in this case model ICE5G
of Peltier, 2004) instead of deriving the surface load distribution by
an iterative trial-and-error comparison with global relative sea-
level observations. The second set of solutions is based on further
simplifying assumptions, i.e., mantle incompressibility, and fixed
shorelines approximation. All the computations by Stocchi and
Spada and Lambeck, have assumed viscosity values of 10, and
0.3(1021 Pa.s in the lower and upper mantle, respectively, a spatial
resolution corresponding to a maximum harmonic degree of 96,
and PREM-averaged values of density and shear moduli. The solu-
tion method has been recently described by Spada and Stocchi
(2006, 2007), to which the reader is referred for further details.

Columns ‘‘I’’ and ‘‘L’’ of Table 1 show predictions of relative sea
level at the ages ‘‘G’’ according to the glacio-isostatic models SS
(Spada and Stocchi, 2007) and KL (Lambeck et al., 2004a), whose
basic features and differences have been discussed above. The two
sets of predictions are compared in Fig. 8. Frame (a), in which
predictions for individual stations are shown, qualitatively
demonstrates the overall agreement between the two sets of
predictions. These are somewhat more clearly represented in the
bottom frame (b), where each point corresponds to the epochwhen
an RSL observation is available (see entry ‘‘G’’ in Table 1). Despite

differences between the two isostatic models, their predictions
qualitatively agree both in sign and in amplitude on the whole
range of RSL variations considered here. We observe that the fit
visually improves for relatively small RSL variations, in the range
approximately between "10 and 0 m. These RSL values, which
correspond to relatively short ages BP subsequent to the end of
melting of the largest ice sheets, are mostly controlled by mantle
viscosity, which is the same in the two sets of calculations. During
the melting phase, when RSL amounts generally exceeds w10 m,
differences in the deglaciation chronologies of ICE5 G and the ice
model of Lambeck et al. (2004a) are responsible for larger
discrepancies between the two sets of predictions. It is apparent
that calculations based onmodel SS are found systematically below
the KL values, which can be explained by the larger equivalent sea
level that the latter exhibits in comparison to ICE5G during the time
span considered in this study. As a final remark, we observe that
because the two ice chronologies considered here differ in their
northern Europe components, we expect that predictions for the
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relatively nearby northern Italy may differ also for direct effect of
ice unloading.

6. Instrumental rates

The values determined for the northern Adriatic have been
derived from the relative sea-level variations observed with tide
gauges and with the evaluation of repeated precision levelling
measurements. The two data series considered, the tide gauges and
the repeated levelling measurements, have one great advantage
with respect to continuous GPS measurements and the satellite
altimetric observations, the relatively great time span available. For
the northern Adriatic, repeated levelling campaigns cover a time
interval of over 50 years of measurements, and the tide gauges in
two stations (Venice and Trieste) an interval of over 100 years. In
contrast, the high precision satellite altimetric observations (e.g.
Topex/Poseidon and Jason 1) are available since 1992, covering thus
15 years (e.g. Fu and Cazenave, 2001).

The repeated levelling routes have been measured by the I.G.M.
(Istituto Geografico Militare). Details on the measuring methods
and measuring accuracies are found in Muller (1986). Routes

running along the northern Adriatic, from Mestre (mainland of
Venice) eastwards towards Trieste (route 34 – Mestre-Ronchi dei
Legionari and route Cj – Ronchi dei Legionari-Albaro Vescovà) and
along the coast southwards up to the Italian–Slovenian border (see
Figs. 4, 6 and 9a) were considered. The two routes have been
measured four times in the last half-century (route 34 in 1951/
1952, 1968 (only a short segment of the route), 1989 and 2002;
route Cj in 1956, 1977, 1989 and 2002).

Calculation of the vertical movement rates along the levelling
route was relative to one particular benchmark for both routes, the
first benchmark along route Cj, which is measured also for route 34.
Fig. 9b and c shows the vertical rates along the two routes, calcu-
lated using the two longest available time intervals (Route Cj:
1956–2002 and 1977–2002; Route 34: 1952–2002 and 1968–
2002). In principle, the longest time interval would be sufficient,
but due to the fact that several of the benchmarks measured in the
1950s were not available in 2002, the next-long time interval is also
considered. Route Cj includes one benchmark, which is very near to
the Trieste tide gauge stations discussed later in the paper. The
vertical rates along the route Cj (Fig. 9b) are relatively small, near
zero or slightly negative and do not exceed "1 mm/a. The vertical
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rates observed along the east-west trending levelling route 34
ranging fromMestre eastwards for 120 km are shown in Fig. 9c. The
vertical rates have been calculated relative to the easternmost
benchmark, which connects this route to the southward trending
route Cj. The rates shown were calculated for the two longest
available time intervals (1989–2002 and 1951/1952–2002). The
rates are consistently negative and reach a plateau value of"4 mm/
a. The area between Ceggia (km 47 of the route) and S. Michele al
Tagliamento (km 82 of the route) have the greatest subsidence. The
localised peak with number CS52 is a benchmark on a bridge, over
the Livenza River.

Another way to obtain relative movement rates is by analysing
the differential rates of sea-level change observed with tide gauges.
For the Northern Adriatic the PSMSL (Permanent Service for Mean
Sea level, PSMSL 2008) stations can be used, which comprise
Venice, Trieste, Rovinj, and Bakar. Several other stations can be
found in the database, but due to the shortness of the time series
the latter are not included in this study.

The two longest series, covering the time span of over 100
years, are Trieste (PSMSL code 280061) and Venice (PSMSL codes
270051 and 270054). The two stations Rovinj (PSMSL code
280006) and Bakar (PSMSL code 280011) are available over a time
window of over 50 years. The time span common to all four
records extends from 1955 to 2006. As seen in Fig. 10, the years
2000–2002 in the case of Bakar and Rovinj are characterised by
two large-amplitude yearly signals, which perturb the analysis.
The analysis is therefore limited to the interval 1955–2000.6 (the
time variable is given in years with decimals, indicating the frac-
tion of the year).

The time series is modified by least squares fitting with a linear
function and a yearly and half-yearly oscillation. Table 3 summa-
rises the results: the Venice station has a greater sea-level rise
(0.8# 0.3 mm/a) with respect to Trieste station (0.5# 0.3 mm/a).
The latter shows a greater rate with respect to the Rovinj
(0.3# 0.3 mm/a) and Bakar (0.2# 0.3 mm/a) stations.

The second area considered is Sicily–Calabria, in Southern
Italy, with a comparative study of the available tide gauges. The
data have been retrieved from the PSMSL and the APAT
(Agenzia per la Protezione dell’Ambiente e per i servizi Tecnici)
database (APAT, 2008). The first interval is 1897–1922, which
covers the year 1908, when Sicily was struck by a destructive
earthquake of M¼ 7.0 (Bottari et al., 1992) that destroyed the
city of Messina.

The tide gauge records from PSMSL are available for the stations
Palermo, Messina and Catania for the time interval 1897–1922
(Fig. 11). The original records with monthly sampling are shown for
stations Palermo and Catania, whereas the time series of the
Messina record is relative to the Palermo tide gauge. The good
correlation between the Catania and the Palermo time series is
evident, and the high-frequency content of the Messina signal is
greatly reduced by subtracting the Palermo time series. The Mes-
sina record reveals three episodes of sea-level change, which are
a slow lowering of 5 cm in the 12–18 months preceding the event,
a coseismic level increase of 43.3 cm, which is recorded between
the start and end of the 5months-long interruption of the data, and
a subsequent post-seismic sea-level increase with initial rate of
70 mm/a in 1909, decaying to zero values in 1922.
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Table 3

Rates of sea-level increase for a selection of tide gauge stations in the northern

Adriatic.

Station-name and PSMSL code Time interval Trend

(mm/yr)

Trend error

(mm/yr)

Trieste – 270061 1905–2007 1.2 0.08

Trieste – 270061 1905–1970 1.5 0.16

Trieste – 270061 1955–2000.6 0.5 0.24

Rovinj – 28006 1955–2000.6 0.2 0.24

Bakar – 280011 1955–2000.6 0.3 0.26

Venezia – 270051 and 270054 1905–2001 2.5 0.09

Venezia – 270051 and 270054 1905–1970 3.2 0.16

Venezia – 270051 and 270054 1955–2000.6 0.8 0.25
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For the more recent years, tide gauge records from the APAT
with hourly sampling rate exist for the years 1973–1983 and 1992–
2008. The most recent records (1992–2008) are affected by several
interruptions, which hamper reliable analysis of the level rates.

Another station of great interest is Reggio Calabria, located on
the opposite side of the Messina Straits, on the tip of the Italian
peninsula. The data series for this station is available for the years
1951–1968 (PSMSL) and 1999–2008 (APAT). The station Palermo,
used as a reference station in the previous analysis, is available only
for the more recent interval, whereas for the older time window
only the reference station Genova can be used. The recent period
also includes the records of the Genova station (APAT data). The
Genova and the Palermo stations are well correlated and show
a sea-level increase for both time intervals. The Genova station has
a differential rate with respect to the Palermo station (interval
1999–2008) of þ2.1#0.7 mm/a, a fact taken into account for the
PSMSL rates of Reggio Calabria. Presumably, the higher rate is due
to a combined effect of subsidence, differences in the post-glacial
isostatic movement and possible local differences in the eustatic
sea-level component. The data series are shown in Fig. 12, where it
can be seen that the Reggio Calabria series reveals a sea-level drop
over both intervals, compared to the sea-level increase in the
stations of Palermo or Genova, respectively. A summary of the rates
is given in Table 4.

7. Discussion

7.1. Significance of Holocene vertical tectonic rates

Lambeck et al. (2004a) divided the Italian coastline into four
broad sectors of Holocene tectonic pattern, but therewas no control
on the behaviour of the western Adriatic coast and on the northern
terminus of the Calabrian arc (Fig. 1). Furthermore, although Sar-
dinia was ostensibly thought stable, details were lacking, particu-
larly in the south. This extended review allows uniform coverage of
the Italian territory and thus more tightly constrains the limits of
deforming blocks.

Fig. 13 compares the observed with the predicted (Lambeck
model) Holocene data for the whole Holocene datasets and yields
the amount of tectonic motion. Fig. 14 provides an appraisal of the
spatial distribution of vertical displacement rates according to 9
classes, illustrating the areal extent of homogeneous coastline
behaviour. In the following discussion we will highlight the
dominant Holocene tectonic behaviour within each sector.

7.1.1. Area 1 eastern sector

The predominant ‘‘colour’’ of the tectonic rates in this area is
blue, which is indicative of subsidence (Fig. 14) using both models
as reference (mean "0.509 and "0.294 for the KL and SS model,
respectively). Pleistocene marine sediments do not crop out in the
whole NE coast of the Adriatic Sea, pointing to long-term tectonic
subsidence. However, for the Gulf of Trieste and southern Croatia
coast the position of the MIS 5.5 shoreline is still unknown, and
long-term vertical tectonic rates have not been established. At all
sites with archaeological markers (sites 1–8), the observed data lie
below the predicted values, suggesting subsidence in the last 2 ka
at "0.6–0.7 mm/a (Table 1 and Fig. 7). However, in a few cores
drilled in the Gulf of Trieste (sites 13 and 14) the tectonic subsi-
dence reaches lower values, or even weak uplift (Table 1). Very
recent widespread fossiliferous marine deposits which cover
a Roman age pier in Trieste (sites 11–12) crop out at the Lambeck
predicted altitude, and thus show apparent stability. This area of
relative stability or weak uplift might result from the active growth
of an NW–SE trending structural high recently detected across the
gulf of Trieste using high resolution seismic profiling (Busetti et al.,
2007). On the other hand, the possibility that an undocumented

tsunami could have ejected marine sediments (about 1600 BP)
above the Roman age pier cannot be discounted.

7.1.2. Area 1 western sector

The northwestern Adriatic coast (Friulian and Venetian plain)
shows homogeneous negative movements. Holocene rates based
on core analysis (Table 1, Fig. 6) vary from "1.44 and "0.08 mm/a,
with a mean of "0.64 and "0.72 mm/a using the KL and the SS
model, respectively (Fig. 8). In the area of Venice the study of
subsidence has a long tradition due to its key role in the preser-
vation of the ancient city, and the available data allow comparison
of the Holocene data presented in this paper with information
related to long- to very short-term rates.

Analysis of well stratigraphies documents an average Quater-
nary subsidence rate of "0.7–1.0 mm/a (Carminati et al., 2003;
Barbieri et al., 2007), whereas slighty higher values (w1.3 mm/a)
have been inferred for the post-LGM from stratigraphic data (Bor-
tolami et al., 1985). Relatively high values (up tow1.9 mm/a) have
been estimated for the last century due to human-induced sinking
(Serandrei-Barbero et al., 2001; Camuffo and Sturaro, 2004; Car-
bognin et al., 2004). Carminati et al. (2003) and Ferranti et al.
(2006) proposed that a significant part of Po Plain subsidence is
related to the north-eastward retreat of the Adriatic subduction,
which opposes to the regional orogenic uplift. In contrast, recent
satellite measures highlight a fairly stable situation, largely related
to positive rebound occurred after the stop of deep-water with-
drawal in the mainland of Venice (Teatini et al., 2005).

The mean subsidence rate estimated for the last 600 ka from the
VENICE-1 core record (Kent et al., 2002) is "0.36 mm/a. This value
is considerably lower when compared with the Holocene and
upper Pleistocene rates, the latter integrated with new data pre-
sented in this paper. The more reasonable explanation is that the
mid Pleistocene rates averaged over many cycles of quiescence and
rapid motion, and thus cannot be readily compared to the short-
term rates, which could witness a phase of rapid tectonic subsi-
dence and human influence. Amore reliable marker for comparison
is thus represented by the MIS 5.5 marker, also thanks to the wide
distribution of the basal MS 5.5 unconformity and the fairly easy
recognition of the overlying lagoonal\paralic sediments in cores.
The MIS 5.5 data from the same VENICE-1 core provides a rate of
"0.69 mm/a (Ferranti et al., 2006), a value comparable to that
("0.62 mm/a) determined when the base of the MIS 5 trangression
for the Venetian Plain is integrated in the calculation (Table 2, sites
204, 205, 206).

The new information coming from cores containing MIS 5
marine deposits on the NW Adriatic coast (Friulian and eastern
Venetian plain, Table 2, Fig. 6), where the average subsidence
ranges between "0.69 and "0.42 mm/a, can be used to predict the
depth at which marine sediments related to MIS 5 or MIS 7 high-
stand are expected in the well log. For this purpose, a mean value of
0.5 mm/a has been taken as the subsidence rate of a ‘‘simulated
well’’ for the northern margin of the lagoon of Venice (Fig. 16).

Due to the low gradient of the northern Adriatic, the coastline
position reached during different marine highstands strongly
conditioned the landward transgression and the occurrence of
paralic deposits in the stratigraphy of the analyzed cores. In the
simulated well, the MIS 5.5 marine sediments reached up to þ6 m
a.s.l. and, due to the modelled 0.5 mm/a subsidence, they had
already been downlifted of w11 m at the peak of MIS 5.3 trans-
gression (102.5 ka), when the sea level stood at "21 m below the
present and could not flood the well position. Using the same
reasoning, the marine sediment of the MIS 5.5 highstand should
have reached "15 m below the present at the peak of MIS 5.1
highstand (81.5 ka). With the "19 m below present, the MIS 5.1 sea
level could have partly reworked the base of MIS 5.5 paralic
deposits, but it could not have affected the top of MIS 5.5 (Fig. 16).
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Similarly, the sediment related to sea-level position during MIS
6.5 (166 ka), MIS 7.1 (197 ka), MIS 7.3 (216.5 ka) and MIS 7.5
(230 ka) reached respectively a maximum elevation of "49 m,
"10 m, "4 m and "10 m a.s.l.; with an average subsidence rate of

"0.5 mm/a, these deposits had already reached a considerably
higher depth than the base of the MIS 5.5 marine sediments
(Fig.16). Using this result and taking into account the bathymetry of
north Adriatic Sea, younger or older transgression could not erode,

Fig. 12. Sea-level falling in Reggio Calabria station due to tectonic uplift: comparison of sea-level observations with respect to Palermo and Genova stations.

Table 4

Rates of sea-level increase for a selection of tide gauge stations in Sicily and Calabria.

Station-name and PSMSL code Data-availability Time interval for drift calculation Trend (mm/yr) Trend error (mm/yr)

Messina 260001 1897–1923 Messina earthquake – –

Messina APAT 1973–1983 no reference station

interruptions

– –

1992–2008 – –

Palermo 260011 1896–1922 1896–1922 þ0.6 0.4

Palermo APAT 1999–2008 1999–2008 þ0.4 0.5

Reggio Calabria 250061 1951–1968 1951–1968 "2 1

Reggio Calabria APAT 1999–2008 1999–2008 "0.6 0.5

Genova 260011 1884–1998 1951–1968 2.5 1

Genova Apat 1999–2008 1999–2008 2.5 0.5
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or add sediments to, the MIS 5.5 marine deposits whereas they
could have partly reworked its top. Thus the thickness of Pleisto-
cene paralic deposits encountered in the wells between 80 and
40 m represents the complete sedimentary cycle recorded during
the MIS 5.5 highstand.

The higher Holocene tectonic subsidence with respect to the
MIS 5.5 may be partly attributed to sediment compaction, which
does not contribute to the long-term rate. East of Venice, Holocene
lagoonal sediments older than 6 ka show tectonic rates lower than
0.6 mm/a, similar to the long-term subsidence after an initial
compaction. Thus, "0.6 mm/a may be taken as the regional subsi-
dence rate in this area.

7.1.3. Area 2

Two contrasting outputs for the Holocene tectonic rates result
using the SS vs the KL model for the Romagna region. With the KL
model, Holocene average subsidence rates (w0.3 mm/a) are lower
than the Late Pleistocene rates. In contrast, the SS model yields an
average subsidence rate ofw1 mm/a, similar to the long-termvalue
(Fig. 5; Ferranti et al., 2006). This difference stems from the
different ice-volumes included in the two models. Although the
idea that Late Pleistocene and Holocene subsidence rates be similar
is appealing, as suggested by the SS model result, boreholes
offshore of the Po River mouth indicate stability (Fig. 1). Thus,
a slowing down of subsidence as predicted by the KL model might
be real.

7.1.4. Area 3

Whereas knowledge of the spatial distribution of Late Pleisto-
cene vertical motion along the eastern Adriatic coast is still
embryonic (Ferranti et al., 2006), a larger understanding of recent
displacements is provided by the several Holocene markers pre-
sented in this review (Fig. 14). On average, a consistent Holocene
stability (0.01 mm/a uplift) is indicated by both sets of models, and
is broadly consistent with the long-term low rate of deformation of
the frontal Apennines (Ferranti et al., 2006). A local departure from
this trend is found in northern Gargano, with 1.7 mm/a average
Holocene uplift, a pattern related to concentrated coseismic
deformation (Mastronuzzi and Sansò, 2003) at a location marking
the incipient boundary between two fragments of the Adriatic
block (Oldow et al., 2002).

7.1.5. Area 4

In the central part of the Sibari plain, around the archaeological
settlement of Sybaris, the subsidence recorded from borehole and
outcrop samples is quite variable, and can be very high (Table 1).
High subsidence is found using both models in three boreholes at
the archaeological site (S15, S16, S18, Table 1).

The largest subsidence (w4–8 mm/a) characterizes the older
(w6–8 ka) samples (datapoints 56, 58–59, 64–65 from cores S15,
S16 and S18). Thew5 ka samples (datapoints 62–63 from borehole
S18) have a lesser, but still high subsidence rate ofw2.5–3 mm/a. In
contrast, samples of w2.7–3.1 ka age from boreholes S16 and S18
have relatively less subsidence rates of w1–1.5 mm/ar (datapoints
57 and 61 from cores S16 and S18), or even aweak uplift (datapoint
60). The very large subsidence values reflect the combination of
tectonics and sediment compaction (Cucci, 2004; Pagliarulo, 2006).
It appears that subsidence rates have slowed during the Holocene
and attained a 1–1.5 mm/a value just before the settling of Sybaris.
Sample 66, which post-dates the historical occupation, yields
a negative rate ofw0.2–0.25 mm/a (depending on the model), and
confirms the slowing Late Holocene subsidence trend.

Datapoints 54–55 from borehole S1, outside the archaeological
site, have a much lesser subsidence rate, pointing to a closely
spaced spatial variability in deformation/compaction. Ages from
this core, however, provide contrasting results when the SS (from
large subsidence to weak uplift) and KL (homogeneous subsidence
at w0.3–0.5 mm/ar) models are considered (Table 1). Using the
more stable KLmodel for these older (w5 and 9 ka) ages, there is an
ostensible consistency with the recent most rate from the archae-
ological park, suggesting that compaction had ceased during
historical settlment, when the regional tectonic signal at w0.2–
0.4 mm/ar prevailed.

Although the region around the ancient town experienced long-
term uplift (Cucci and Cinti, 1998; Cucci, 2004), which during Late
Pleistocene varied between 0.6 and 1.9 mm/a (Santoro et al., in
press), local centres of Holocene subsidence are consistent with
active synclinal fold growth and backthrusting in this part of the
Southern Apennines (Ferranti et al., in press).

7.1.6. Area 5

Following the review of Antonioli et al. (2006), an update of the
Holocene relative sea-level change along the north-eastern Sicily
and south-western Calabria coasts (Figs. 7 and 14) is presented
based on precise measures and radiometric dating of raised
shorelines (Ferranti et al., 2007; unpublished). The Late Holocene
uplift rate reaches maximum values of 2.4 mm/a around Taormina
(Antonioli et al., 2006) and of 2 mm/a on the eastern side of the
Messina Straits (Ferranti et al., 2007). The analysis indicates that
vertical displacement in the Messina Straits and Taormina area
resulted from the combination of steady and episodic motion, the
latter attributed to coseismic slip (De Guidi et al., 2003; Ferranti
et al., 2007) on normal faults, which are inferred to run immedi-
ately offshore this coast (Monaco and Tortorici, 2000). Detailed
analysis on the eastern site of the Messina Straits shows a large
stretch of coast (sites 81–94) with very high uplift rate values.

A lower total value of w1.4 mm/a Late Holocene uplift rate has
been estimated for the Sicilian side of the Messina Straits, where the
Ganzirri site (79) is located on the footwall of minor normal faults
bounding the basin (Ferranti et al., 2008b). Further west in the
Milazzo area (site 80), the large Holocene uplift rate of 1.6 mm/
a probably embeds the contribution from an NNW–SSE striking
transpressive belt that has caused the growth of a large contractional
structure since the Middle Pleistocene (Argnani et al., 2007). Moving
northeast on the Tyrrhenian coast of Calabria, new age determina-
tions (sites 97 and 98) at Capo Vaticano (Ferranti and Antonioli,
unpublished work) confirm the 1.5–1.6 mm/a uplift rate previously
determined by Antonioli et al. (2006). As discussed by Antonioli et al.
(2006), the Holocene rates are faster than the 125 ka rates, a fact
attributed to clustered Holocene fault activity (Ferranti et al., 2007).

In south-eastern Sicily (Fig. 7), Holocene sea-level indicators are
submerged because of slower rates of tectonic uplift. Data on
relative sea-level change have been obtained by analysis of bore-
holes carried out in the most depressed coastal sectors and by
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measures of submerged archaeological markers and of speleo-
thems collected in submerged karstic caves. The comparison of all
these data with the sea-level rise curve yields a tectonic uplift rate
of about 0.5–0.8 mm/a for the Catania-Siracusa coastal area (sites
71–78), whereas the southernmost sector of south-eastern Sicily
(Vendicari, sites 69–70) can be considered tectonically stable. The
southward decreasing Holocene uplift pattern (Fig. 14) broadly
confirms the spatial trend previously evidenced in Late Pleistocene
uplift (Ferranti et al., 2006). These data are consistent with
a general southward decrease of both the regional uplift and the
remote effect of the active normal fault system located in the Ionian
offshore between Catania and Siracusa, at the bottom of the Malta
Escarpment (Bianca et al., 1999; Argnani and Bonazzi, 2005).

In the Sicily Channel (Figs. 4 and 14), radiocarbon dating on
samples of corals and vermetids places tight age constraints on the
raised shorelines of Pantelleria Island, the emerged upper part of
a large volcanic edifice developed since 300 ka (Civetta et al., 1988;
Mahood and Hildreth, 1986). The modality of vertical deformation,
characterised by episodic uplift events, and uplift rates up to 5 mm/
a averaged over the last millennium (sites 67–68), suggests that the
vertical deformation was caused by inflation processes related to
magmatic intrusion along feeding fissures.

7.1.7. Area 6

Asat Pantelleria, extraordinary largeHoloceneverticalmotionsof
w5–13 mm/a are documented in the world-famous site of Pozzuoli

Fig. 14. The Holocene sites described in this paper with long-term geological motions calculated using the KL model.
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(99–100) and are attributed to shallow volcanic sources (Morhange
et al., 2006). This uplift patch is laterally confined since the adjacent
Naples coastal plain has suffered long- and short-term subsidence
controlled by regional tectonic and volcanic processes, with an
apparent Holocene decrease in subsidence (Ferranti et al., 2006).

Further north, substantial stability (average displacement rates
of 0.032 and "0.013 in the KL and SS models) is testified on the
Latium and southern Tuscany coast (sites 101–109; Figs. 4 and 14)
by the position of archaeological markers, like fishtanks, well
connectedwith sea level (Lambeck et al., 2004b). Although this area
suffered a weak (up to w0.1–0.2 mm/a) Late Pleistocene uplift
attributed to volcanic effects (Bordoni and Valensise, 1998; Ferranti
et al., 2006), the very recent shutting of volcanic processes (Barberi
et al., 1994) might be the prime factor promoting Holocene stability.

7.1.8. Area 7

The Italian Quaternarist Alessandro Blanc (1936) recovered
a sediment core in the Versilia plain that included more than 50 m
of Holocene marine deposits. He provided 14C ages for the lagoonal
shells between "5 and "50 m, which confirmed a Holocene period
of deposition. That original study produced one of the first Italian
sea-level rise curves, and Blanc introduced the geological name
‘‘Versiliano’’, which is still used today, to refer to the Holocene
marine transgression stratotype in the Mediterranean region
(Federici, 1993). More recently, Antonioli et al. (1999) provided
a new core (ENEA core, 90 m long) from the Versilia plain that,
through detailed analysis, confirmed the shape of the marine
Holocene transgression curve with greater precision, by identifying
a deposit containing the colonial coral C. coespitosa at the bottom of
the core (between "73 and "67 m). Coral samples were dated
using a-counting U-Th dating and yielded ages of 131 and 129 ka
with large error bars (Antonioli et al., 1999).

The new MC-ICP-MS U-Th ages reported herein for Cladocora

specimens from the ENEA core (sites 208–209) allow calculation of
precise subsidencerates in this area. Theolder corals provideanageof
195.7#1.6 ka (at "72.8 m); this indicates growth during the marine
transgressionofMIS7.1. TheMIS7.1 transgressionwasalsodetected in

a submerged stalagmite fromthenearbyArgentarola cave (Bard et al.,
2002; Antonioli et al., 2004b). The base of the corewas interpreted as
an alternation between backshore and foreshore environments, with
an inferred water table elevation at about"10 m.

Comparison of the 195.7 ka age with the Waelbroeck et al.
(2002) sea-level curve (Fig. 15) considering, 1: the U-Th error bar, 2:
the palaeo-water table "10 m, 3: the minimum highstand during
MIS 7.1 of sea level of "18 m (Antonioli et al., 2004b), infers
a subsidence of about 50 m over 196 ka (a low rate of about
"0.25 mm/a). This is in agreement with the outcrop of MIS 5.5
inner margin adjacent to the ENEA core (Nisi et al., 2003) and with
tectonic stability during Holocene marine transgression (Lambeck
et al., 2004a).

Concerning Core M1 that crosses Holocene marine deposits and
a pre-Holocene transgressive successions in the Arno plain, an
average Holocene subsidence of "0.5/"1.5 mm/a was found using
the SS and KL models, respectively (Figs. 4 and 14). Similar results
are found for the other cores. The marine sediments at the core
bottom have a last interglacial age, in agreement with Aguzzi et al.
(2007). It is thus concluded that, unlike the nearby Versilia plain to
the north, the Arno plain is a tectonically active sector.

7.1.9. Area 8

Predicted and observed Holocene sea-level data show a broad
agreement on the whole coast particularly when archaeological
markers for the last 2.5 ka are used (Figs. 4 and 14). Stability or
weak, but detectable uplift (0.1–0.3 mm/a) is documented by
several markers in southern and western Sardinia (sites 116–119
and 125–126). Some discrepancies are noted in southern Sardinia
within the Cagliari core, and are probably due to sediment
compaction (Orrù et al., 2004), but given the large age uncertainty
from this site (datapoints 120–124), a more robust control is
needed. Nevertheless, the minor vertical motion might embed
a tectonic signal, as contemporary transpression is documented in
southern Sardinia by GPS velocities (Ferranti et al., 2008b). The very
low deformation of the MIS 5.5 marker (Ferranti et al., 2006)
confirms that large cumulative displacements are unexpected.
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Elsewhere in the island, the low variability of theMIS 5.5marker
altitude at 7# 2 m allows consideration of the Sardinian coasts as
an eustatic reference for all the Mediterranean region (Lambeck
et al., 2004a; Ferranti et al., 2006). In contrast, along the Orosei Gulf
(eastern Sardinia) a characteristic and well-conserved tidal notch is
found, whose altitude increases in height from 7.6 in the south to
11.5 m in the north within 30 km and shows an evident northward
tilting, attributed to ongoing volcanic processes on the continental
margin (Ferranti et al., 2006). Mariani et al. (in press) modelled this
deformation as the result of recent volcanic load and overpressure
linked to an offshore batholith/laccolith.

7.2. Comparison between the Kurt Lambeck and Spada–Stocchi

model results

In this paper different models (Spada–Stocchi SS, Kurt Lambeck
KL) were compared using the same observational data. Results
indicate (Fig. 8) that the SS model predicts higher tectonic rates. For

periods older than 6 ka cal. BP in some cores (e.g. Catania e Cagliari
cores), the SS model enhances subsidence when the KL model
shows uplift, also in areaswhere the long-term data confirms uplift.
On the contrary, tectonic rates predicted from the SS model in the
Venetian and Romagna Plains when compared with longer term
data seem to be more realistic.

7.3. Significance of instrumental rates

For the NE Adriatic, the instrumental vertical crustal rates were
studied using a different methodology, differentiating the vertical
movement rates for couples of stations. This is applied to two
different types of datasets, tide gauges and levelling. The vertical
crustal rates were calculated with respect to the vertical movement
of one reference station, and thus are relative rates. The difficulty in
determining absolute rates is inherent to the fact that an absolute
reference system is necessary, which is unavailable for the histor-
ical data. The only truly absolute vertical movement rates can be
obtained with the repeated measurement of the absolute gravity
field using an absolute gravimeter. For the Italian coastline such
repeated measurements are unavailable, although absolute gravity
stations along the coastline do exist, for example the Trieste
absolute station. The GPS measured height values are near to
absolute, but rely on the reference stations chosen for the GPS
solution. The crustal vertical movement rates determined from the
difference of the satellite altimetrically derived sea level with that
observed with a tide gauge is also near to absolute but depends on
the reference stations that were used to determine the precise
satellite orbit.

The differential analysis of the tide gauge observations is also
a means to determine vertical crustal movement rates averaged
over relatively long time windows, reaching several decades. The
method consists in determining the differences in the rate of sea-
level rise recorded in stations that can be assumed to be subject to
the same eustatic rise.

The repeated levelling shows that the area along the EW-
trending Ronchi-Mestre line is subsiding with values that are
consistently greater ("4 mm/a) than those found along the route Cj
reaching Trieste (Fig. 10). The levelling data for the NE region of
Italy indicate that anthropogenic subsidence played a significant
role. Most probably it was due to extraction of water for agricultural
and industrial purposes (Carminati and Martinelli, 2002). The
differential analysis of the tide gauges seems to confirm the
observation of a slight relative subsidence of the Trieste station
obtained from levelling with respect to the reference station. The
Venice tide gauge time series shows a greater rate (3.2# 0.2 mm/a)
in sea-level rise with respect to Trieste (1.5# 0.2 mm/a) for the
interval 1905–1970. This has been attributed (Pirazzoli, 1991; Tiezzi
and Marchettini, 1997; Woodworth, 2003) to enhanced subsidence
due to water extraction, which ceased in 1970. It is interesting that
also the Trieste station, too distant to be affected by water with-
drawal, also shows a decrease in the rate of the long-term sea-level
rise at about 1970. The reason for the Trieste rate-reduction is
unknown, and could be common also to other Mediterranean
stations for which a deceleration of the rate has been observed after
1960 (e.g. Woodworth, 2003 and references therein).

The instrumental rates for Sicily–Calabria included a time
interval covering the destructive Messina earthquake of 1908. The
level variations observed covering the Messina event are very
interesting, as they can be divided into three episodes, which
presumably are connected to the earthquake: a possible pre-
seismic uplift of 5 cm in the 12–18 months preceding the event, the
coseismic subsidence of 43.3 cm, and a subsequent post-seismic
subsidence with an initial rate of 70 mm/ar in 1909, decaying to
zero values in 1922. The lack of subsequent data does not allow to
estimate the full duration of the post-seismic movement, or to

Fig. 16. The ‘‘simulated well’’ for the eastern sector of the Venetian Plain between

Tagliamento River and the eastern margin of Venice lagoon using a tectonic rate of

"0.5 mm\y.
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determine whether in 1922 it came to an end. The total subsidence,
composed of the coseismic and post-seismic movements, amounts
to, at least, 77 cm. The pre-seismic uplift cannot be proven
unequivocally, but the difference between the two tide gauges
indicates a possible downward bending of the curve, preceding the
clear coseismic signal. The signal is proposed as a working
hypohesis for future works that intend to model the entire defor-
mation, including the pre-seismic, coseismic and post-seismic
phases. For the more recent times, interest is focused on the
comparison of the tide gauge records of Reggio Calabria to the ones
of Genova (1951–1968) and Palermo (1999–2008). Due to the
shortness of the time series (17 years and 9 years, respectively),
the errors on the differential rates are large, but are indicative of
the fact that Reggio Calabria is presently uplifting by a rate of
1#0.7 mm/a relative to the Palermo station. Comparison with the
Genova station (interval 1951–1968) reveals a differential rate of
4#1.3 mm/a, which corrected by the rate of Genovawith respect to
Palermo (þ2.1#0.7 mm/a), leads to an estimated uplift of Reggio
Calabria relative to Palermo of 1.9#1.5 mm/a. The two estimates
are compatible, if errors on the rate-determination are taken into
account.

8. Conclusions

Using two different models for the glacio-hydro-isostatic
contribution to the post-LGM relative sea-level rise, which appears
to have alternating merits when different time-frames and regions
are considered, it was possible to estimate the Holocene tectonic
displacement rates in several sectors of the Italian coastline, and
provide a refined estimation of the broad costal tectonic pattern
proposed by Lambeck et al. (2004a). Using an updated appraisal of
the MIS 5.5 marker elevation distribution, the Holocene estimate
can be compared to indications provided by the long-term rates
proposed by Ferranti et al. (2006), and, at selected locations, to
contemporary rates derived from instrumental data.

It is confirmed the generalized subsidence of the northern
Adriatic coast, which in the Venetian plain occurs at w0.64–
0.7 mm/a, a mean value consistent with the 0.62 mm/a subsidence
rate established on the MIS 5.5 marker. In the south, along the
Romagna foredeep, the mean of subsidence varies between
0.3 mm/a and 1.0 mm/a, depending on the use of either the KL or SS
model, respectively.

Further south, apparent stability is found in thewestern Adriatic
area, except for the northern Gargano, where this coast is crossed
by tectonic lineaments that mark a regional geodynamic boundary
(e.g. Oldow et al., 2002), and for the Murge (Puglia), where a weak
subsidence at up to "0.1 mm/ar is suggested by archaeological
markers.

In the southern Apennines, it was possible to investigate only
a localised centre of subsidence in Sibari, on the Ionian coast of
northern Calabria, where several sources including mainly sedi-
ment compaction conspire to produce a high-rate (mean 2.6–
3.0 mm/a), negative motion. A refined picture of the large uplift
occurring in southern Calabria and Eastern Sicily confirms earlier
observations (Antonioli et al., 2006; Ferranti et al., 2007) of
substantial increment (125%) of the Holocene respect to the Late
Pleistocene uplift rate. An additional point from this paper is the
significant Holocene uplift rate in south-eastern Sicily (Siracusa
area), which illustrates in more detail the spatial extent of the
regional uplift of the Calabrian arc.

A substantial stability is attained along both sides of the Tyr-
rhenian Sea thanks mainly to a wealth of accurate archaeological
markers of Roman, Etruscan and Phoenician age (back tow3.5 ka),
supplemented by borehole data. Following the long-term trend,
Sardinia is stable, but marker elevation provides a possible hint to
embryonic deformations in the southern part of the island, which

matches recently published geodetic evidence of deformation
(Ferranti et al., 2008a)

Except for the strong, localised uplift recorded in the active
volcanic area of the Phlegrean fields in Campania, stability also is
attained in Latium, southern Tuscany and Liguria. Subsidence is
found in northern Tuscany but different amounts are indicated by
corrections drawn from the two ice-models. New precise U\Th ages
in northern Tuscany clarify that tectonic displacement ceased by
the MIS 5.5, a fact confirmed for the Holocene by the ENEA core.
Further south in the Arno valley, contrasting results are obtained
using the two ice-models, but in both cases the deep deposits
indicate a subsidence in agreement with the presence of MIS 5.5 at
"102 m (Table 2). In addition to the long- vs short-term compar-
ison, instrumental data have allowed comparison, albeit at spot
location, the contemporary with the Late Holocene displacement
patterns. There is a full consistency in the generalized subsidence of
the northern Adriatic region and in the uplift of southern Calabria,
although accuracies are by far worse than those stipulated for the
Holocene markers. To this end, the Holocene markers are still the
more accurate tool to estimate the very recent tectonic behaviour of
coastal areas in Italy.
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Paolo Orrù for discussion and assistance in abstracting Holocene
and MIS 5.5 data. Eugenio Carminati and Steve Kershaw for
a useless review. The research was partially funded by VECTOR
(VulnErability of the Italian coastal area and marine Ecosystems to

Climatic changes and Their rOle in the Mediterranean caRbon cycles),
by MIUR (Ministero dell’ Universita’, dell’Istruzione, e della Ricerca,
PRIN 2006) ‘‘Il ruolo del riaggiustamento isostatico postglaciale
nelle variazioni del livello marino globale e mediterraneo: nuovi
vincoli geofisici, geologici, ed archeologici’’, and by the Italian CARG
Map project, Regione Veneto.

References

APAT, 2008. Agenzia per la Protezione dell’Ambiente e per i servizi Tecnici. http://
www.apat.gov.it/.

Aguzzi, M., Amorosi, A., Castorina, F., Ricci Lucchi, M., Sarti, G., Vaiani, S.C., 2006.
Stratigraphic architecture and aquifer systems in the eastern Valdarno Basin,
Tuscany. GeoActa 5, 39–60.

Aguzzi, M., Amorosi, A., Colalongo, M.L., Ricci Lucchi, M., Rossi, V., Sarti, G.,
Vaiani, S.C., 2007. Late Quaternary climatic evolution of the Arno coastal plain
(Western Tuscany, Italy) from subsurface data. Sedimentary Geology 202,
211–229.

Amorosi, A., 2008. Delineating aquifer geometry within a sequence stratigraphic
framework: evidence from the Quaternary of the Po River Basin, Northern Italy.
In: Amorosi, A., Haq, B.U., Sabato, L. (Eds.), Advances in Application of Sequence
Stratigraphy in Italy, vol. 1. GeoActa Special Publication, pp. 1–14.

Amorosi, A., Colalongo, M.L., 2005. The linkage between alluvial and coeval near-
shore marine successions: evidence from the Late Quaternary record of the Po
River Plain, Italy. In: Blum, M.D., Marriott, S.B., Leclair, S.F. (Eds.), Fluvial Sedi-
mentology VII, vol. 35. Special Publication of the International Association of
Sedimentologists, pp. 257–275.

Amorosi, A., Colalongo, M.L., Fiorini, F., Fusco, F., Pasini, G., Vaiani, S.C., Sarti, G.,
2004. Palaeogeographic and palaeoclimatic evolution of the Po Plain from 150-
ky core records. Global and Planetary Change 40, 55–78.

Amorosi, A., Centineo, M.C., Colalongo, M.L., Fiorini, F., 2005. Millennial-scale
depositional cycles from the Holocene of the Po Plain, Italy. Marine Geology
222, 7–18.

Amorosi, A., Colalongo, M.L., Dinelli, E., Lucchini, F., Vaiani, S.C., 2007. Cyclic varia-
tions in sediment provenance from late Pleistocene deposits of the eastern Po
Plain, Italy. GSA Special Paper. In: Arribas, J., Critelli, S., Johnsson, M.J. (Eds.),
Sedimentary Provenance and Petrogenesis: Perspectives from Petrography and
Geochemistry, vol. 420, pp. 13–24.

Amorosi, A., Sarti, G., Rossi, V., Fontana, V., 2008a. Anatomy and sequence stratig-
raphy of the late Quaternary Arno valley fill (Tuscany, Italy). In: Amorosi, A.,
Haq, B.U., Sabato, L. (Eds.), Advances in Application of Sequence Stratigraphy in
Italy, vol. 1. GeoActa Special Publication, pp. 55–66.

Amorosi, A., Dinelli, E., Rossi, V., Vaiani, S.C., Sacchetto, M., 2008b. Late Quaternary
palaeoenvironmental evolution of the Adriatic coastal plain and the onset of Po
River Delta. Palaeogeography, Palaeoclimatology, Palaeoecology 268, 80–90.

F. Antonioli et al. / Quaternary International xxx (2009) 1–32 29

ARTICLE IN PRESS

Please cite this article in press as: Antonioli, F., et al., Holocene relative sea-level changes and vertical movements along the Italian and Istrian
coastlines, Quaternary International (2009), doi:10.1016/j.quaint.2008.11.008

http://www.apat.gov.it/
http://www.apat.gov.it/


Amorosi, A., Fontana, A., Antonioli, F., Primon, S., Bondesan, A., 2008c. Post-LGM
sedimentation and Holocene shoreline evolution in the NW Adriatic coastal
area. GeoActa 7, 41–67.

Amorosi, A., Ricci Lucchi, M., Rossi, V., Sarti G., 2009. Climatic signature of millenial-
scale parasequences from Lateglacial-Holocene transgressive deposits of Arno
valley fill (Tuscany, Italy). Palaeogeography, Palaeoclimatology, Palaeoecology
273(1–2), 142–152.

Antonioli, F., Leoni, G., 1998. Siti Archeologici e Loro Utilizzazione Quali Indicatori
per lo Studio delle Variazioni Recenti del livello del Mare. II Quaternario, Italian
Journal of Quaternary Sciences 1/98, 122–139.

Antonioli, F., Improta, S., Nisi, M.F., Puglisi, C., Verrubbi, V., 1999. Nuovi dati sulla
trasgressione olocenica e la subsidenza della piana versiliese (Toscana nord-
occidentale). Ferrara. In: Proceedings of the Conference ‘‘Le Pianure: Con-
oscenza e Salvaguardia. Il contributo delle scienze della terra’’, pp. 214–218.

Antonioli, F., Silenz,i, S., Frisia, S., 2001. Tyrrhenian Holocene palaeoclimate trends
from spelean serpulids. Quaternary Science Reviews 20/15, 1661–1670.

Antonioli, F., Dai Pra, G., Segre, A.G., Sylos Labini, S., 2004a. New data on late
Holocene uplift-rate in Calabria and Messina Straits area, Italy. Quaternaria
Nova 8, 71–84.

Antonioli, F., Bard, E., Silenzi, S., Potter, E.K., Improta, S., 2004b. 215 KYR history of sea
level based on submerged speleothems. Global and Planetary Change 43, 57–68.

Antonioli, F., Carulli, G.B., Furlani, S., Auriemma, R., Marocco, R., 2004c. The enigma
of submerged marine notches in northern Adriatic Sea. Quaternaria VIII, 27–36.

Antonioli, F., Ferranti, L., Lambeck, K., Kershaw, S., Verrubbi, V., Dai Pra, G., 2006.
Late Pleistocene to Holocene record of changing uplift rates in southern Cala-
bria and northeastern Sicily (southern Italy, Central Mediterranean Sea). Tec-
tonophysics 422, 23–40.

Antonioli, F., Anzidei, M., Lambeck, K., Auriemma, R., Gaddi, D., Furlani, S., Orrù, P.,
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