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a b s t r a c t

Detailed mapping of Holocene shorelines outcropping a few meters above the present sea-level at Capo
Milazzo, the main headland of NE Sicily, supplied evidence of the interplay between abrupt and steady
uplift. Field analysis revealed two shorelines at distinct elevations, which were characterized through
position and radiometric dating of geomorphologic and biological sea-level markers. The upper shoreline
is represented by a notch, marine deposits and barnacle rims. The notch is found at average elevation of
w2.1 m above mean sea level (a.m.s.l.) and is filled by a marine deposit containing shells dated between
6.2 and 3.9 ka BP. Locally, the deposit includes pottery of Roman age (w2 ka BP). An intertidal balanid rim
associated with the upper shoreline yielded ages between 3.8 and 1.6 ka BP. The lower shoreline involves
a notch at w0.8 m a.m.s.l., locally carved in the older Holocene deposit, and a likely coeval, subjacent
abrasion platform at 0.5e0.6 m a.m.s.l. Remains of a balanid rim in this lower notch were dated at
w1.4 ka BP. Morphological and chronostratigraphical relations indicate that uplift of the upper shoreline
occurred abruptly. Sudden displacement of 1.3e1.5 m occurred during a co-seismic event. Age and
elevation relationships document that the upper shoreline was active between 6.2 and 1.6 ka, and thus
co-seismic uplift must have occurred between 1.6 and w1.4 ka, the bracketed ages of cessation and
inception of the upper and lower shorelines, respectively. Using similar reasoning, a younger
(w0.8e0.9 m) co-seismic uplift occurred probably shortly after 1.4 ka. These uplifts supplemented
a regional, background uplift that operated steadily during the lifespan of the two shorelines. Precise
compensation for the glacio-hydro-isostatic sea-level change indicated that this uplift took place at
w0.65 mm/y. Thus, cumulative uplift at the studied sites occurred at 1.2e1.5 (locally up to 2.1) mm/y, in
close agreement with nearby coastal sites in Sicily and southern Calabria. Analysis suggests the occur-
rence of a seismogenic source in the Capo Milazzo area, possibly related to transpressive structures
recently mapped offshore. The seismogenic potential of this sector of Sicily needs to be re-evaluated.

� 2010 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

Sea level is the general reference for detecting ongoing vertical
crustal movements and assessing short- and long-term tectonic
instability in coastal areas (Lajoie, 1986). Crustal movements can be
detected by mapping and dating marine strandlines and separating
the tectonic component from the eustatic and hydro-glacio-
isostatic components of the relative sea-level change (see Lambeck
et al., 2004).

Northeastern Sicily (Fig. 1) and southern Calabria are character-
ized by long-term uplift, as constrained by the elevation of the last
: þ9 095 7195728.

nd INQUA. All rights reserved.
interglacial (MIS 5.5, 125 ka) terraces (Ferranti et al., 2006 and
references therein). The uplift pattern of the 125 ka terrace is
mirrored by the Holocene marker (Stewart et al., 1997; De Guidi
et al., 2003; Antonioli et al., 2006; Ferranti et al., 2007) and has
been related to a regional process, to which faulting-related defor-
mation is added along fault-controlled coastal segments (Westaway,
1993). The uplifting region is generally associated with high-level
historical seismicity (Postpischl, 1985; Boschi et al., 1995).

An anomaly in the regional seismotectonic frame is represented
by Capo Milazzo, a narrow, NeS striking and about 7 km long
peninsula located along the Tyrrhenian coast of northeastern Sicily
(Fig. 1). Despite showing uplifted Late Quaternary shorelines
(Hearty et al., 1986; Ferranti et al., 2006), it is affected by a lesser
historical and instrumental seismicity.
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Fig. 1. (a) Regional tectonic map of the southern part of the Calabrian Arc. Double arrows show extension direction in Western Calabria and Eastern Sicily and contraction direction
offshore northern Sicily. Active faults (rectangles on down-thrown side) after Stewart et al. (1997), Monaco and Tortorici (2000): AF, Armo fault; CF, Cittanova fault; CVF, Capo
Vaticano fault; MEF, Messina fault; NF, Nicotera fault; RCF, Reggio Calabria fault; SEF, S. Eufemia fault; SF, Scilla fault; TaF, Taormina fault; TF, Tindari fault. The broad uplifted areas
between Capo Milazzo and Vulcano (from Argnani et al., 2007) are indicated in grey pattern (VF, Vulcano fold; CMF, Capo Milazzo fold). Focal mechanisms of moderate to large
earthquakes (M > 4) after Harvard CMT (1976e2006) [http://www.seismology.harvard.edu/CMTsearch.html] and Mednet RCMT (1997e2006) [http://mednet.ingv.it/events/QRCMT/
Welcome.html] catalogues (Pondrelli et al., 2002, 2004), Gasparini et al. (1985), and Anderson and Jackson (1987). Late Pleistocene uplift rates after Ferranti et al. (2006), Holocene
uplift rates from Antonioli et al. (2009). Inset shows the tectonic setting of the Calabrian Arc. (b) Epicenters of M > 4 earthquakes occurring in southern part of the Calabrian Arc
between 217 BC and 2002 AD (data from CPTI04).
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However, recent studies on morphological and biological sea-
level markers (Rust and Kershaw, 2000; Gringeri et al., 2004) have
documented that the coastal sector of the peninsula has been also
uplifted during the Late Holocene, and thus deformation processes
in this region may be still active today. In order to better constrain
the history of recent tectonic uplifting, a detailed mapping of
morphologic and biological indicators of raised Holocene shore-
lines over the Milazzo peninsula coastline was carried out. The
main purpose of this work is to seek evidence for regional and local
contributions to deformation. Resolution of mode and magnitude
of partitioning of vertical crustal motion into local regional
components on a very short time scale can contribute to the
identification of seismogenic sources in the area.

2. Tectonic setting

The Capo Milazzo peninsula is located along the Tyrrhenian
coast of northeastern Sicily south of the Aeolian archipelago (Fig. 1).
The headland is separated by a Holocene coastal plain from the
Peloritani range, the southwestern termination of the Calabrian
Arc. This prominent orogenic domain connects the Apennines and
the Sicilian-Maghrebian orogens that developed during the
Neogene-Quaternary Africa-Europe collision (Dewey et al., 1989).
The Calabrian Arc was emplaced to the south-east during north-
westerly subduction and rollback of the Ionian oceanic slab
(Malinverno and Ryan, 1986). Since Pliocene times, contraction
structures of the inner part of the orogen were superseded by
extensional faults, both longitudinal and transversal with respect to
the arc, which caused the fragmentation into structural highs and
marine sedimentary basins (Ghisetti and Vezzani, 1982). In eastern
Sicily and Calabria, Quaternary extensional collapse at the rear of
the thrust belt has accompanied a vigorous uplift recorded by
flights of marine terraces (Dumas et al., 1982; Ghisetti, 1984;
Valensise and Pantosti, 1992; Westaway, 1993; Miyauchi et al.,
1994; Bianca et al., 1999; Catalano and De Guidi, 2003; Tortorici
et al., 2003). 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 (1993), 1.67 mm/y of post-Middle Pleisto-
cene uplift of southern Calabria was partitioned intow1 mm/y 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., 2003, 2006; Ferranti
et al., 2007).

Uplift of the Calabrian Arc has been related to important geo-
dynamic changes which occurred in the region since the Middle
Pleistocene, signalled by the end of frontal thrust displacement and
stalling of subduction of the Ionian plate beneath the orogen
(Westaway, 1993; Wortel and Spakman, 2000; Goes et al., 2004). In
this context, the belt between the southernmost sector of the
Aeolian archipelago and northeastern Sicily, dominated by the
Vulcano-Tindari fault system (also known as Tindari-Letojanni fault
system; Lanzafame and Bousquet, 1997; Billi et al., 2006), currently
represents a key area as it separates two different tectonic regimes
(Fig.1; Argnani et al., 2007;Mattia et al., 2008, 2009). To the east, an
array of extensional faults, characterized by strong crustal seis-
micity and volcanism, cuts across southern Calabria and northeast
Sicily (Siculo-Calabrian rift zone; Monaco and Tortorici, 2000).
Active WNW-ESE extension is documented by focal mechanisms of
crustal earthquakes (Pondrelli et al., 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; Mattia et al., 2009). To
the west of the Vulcano-Tindari fault system, the southern Tyr-
rhenian Sea margin is characterized bymoderate crustal seismicity.
Focal mechanisms mostly show strike-slip and reverse-oblique
kinematics compatible with low-dip wNNWeSSE trending p-axes
(Frepoli and Amato, 2000; Neri et al., 2005; Pondrelli et al., 2006;
Giunta et al., 2009), roughly consistent with the general conver-
gence between the European and the African plates (Hollenstein
et al., 2003; Lavecchia et al., 2007; Ferranti et al., 2008).

Kinematic changes also occur along the Vulcano-Tindari fault
system, which is formed by NWeSE-oriented en-echelon segments
characterized by prevailing right lateral strike-slip movements in
the offshore sector (Ventura, 1994; Mazzuoli et al., 1995) and by
transtensional kinematic onshore (Ghisetti, 1979). Fault-plane
solutions of crustal earthquakes reveal reverse focal mechanisms
between Salina and Vulcano islands, dextral strike-slip mecha-
nisms between Vulcano and Capo Milazzo and prevailing normal
faulting coupled with dextral transcurrence in Gulf of Patti area
(Neri et al., 2005). This kinematic framework has been recently
confirmed by GPS velocity fields (Mattia et al., 2008). According to
Argnani et al. (2007), the southern sector of the Aeolian archipelago
between CapoMilazzo and the island of Vulcano is characterized by
a NWeSE trending belt of transpressive (e.g. positive flower)
structures. Along this belt, seismic profiles show the occurrence of
two overstepping broad anticlines, Capo Milazzo and Vulcano folds
(Fig. 1). According to the authors, transpressional deformation has
occurred since the Middle Pleistocene and is superposed on a pre-
existing extensional deformation. Despite these evidences, the area
around Capo Milazzo and west of it shows low instrumental
(Fig.1a) and historical (Fig.1b) seismicity, in sharp contrast with the
Messina Straits area.

The summit of Capo Milazzo peninsula is characterized by
a wide marine terrace extending at an elevation between 50 and
85 m. The bedrock is formed bymetamorphic rocks unconformably
covered by Upper Miocene reef limestones and Upper Pliocene-
Lower Pleistocene marls and marly limestones (Fig. 2). Upper
Pleistocene littoral mollusc-rich deposits overlying this terrace
have been attributed toMIS 5.5 (Hearty et al., 1986) and indicate the
Late Quaternary uplift of the whole area. Evidence of Holocene
uplift was published in recent studies. In detail, Rust and Kershaw
(2000) mapped two distinct notches at 0.5 and 2 m a.m.s.l. in the
northernmost sector of the peninsula, assigning an age of w5 ka to
the upper marker on the basis of regional correlations and sug-
gesting an uplift rate close to 1 mm/y. Gringeri et al. (2004) report
a radiometric age (5919e6079 cal BP) of Patella sp. collected at 2 m
a.m.s.l. from the eastern shore of the peninsula (Punta Rugno;
Fig. 2). The age was compared to the Holocene sea-level curve of
Lambeck et al. (2004) and allowed the authors to determine an
average uplift rate of 1.66 mm/y in the last 6 ka.

3. Holocene markers and radiometric ages

Detailed mapping around the coast of Capo Milazzo confirmed
the existence of the uplifted shorelines described by Rust and
Kershaw (2000), found evidence of other markers such as marine
deposits and barnacle rims, and retrieved material for shoreline
dating. Precise measurements of the heights of notches, marine
deposits and barnacle rims with respect to current sea level at the
time of the survey were performed with a rod (invar alloy)
mechanical system. In the following, elevations will be reported
with respect to the present sea level. Measurements have been
corrected for tide and pressure relative to the mean sea level (MSL),
using data from the tide gauges of Catania www.wxtide32.com and
from the meteorological site www.wunderground.com.

Holocene sea-level markers occur at two distinct elevations,
which are referred in the following as “upper shoreline” and “lower

http://www.wxtide32.com
http://www.wunderground.com
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Fig. 2. Geological map of Capo Milazzo (after Lentini et al., 2000) with location of investigated Holocene sites (see Fig. 1 for location).

Fig. 3. (a) Sketch map of Punta Cirucco site (see Fig. 2 for location) with location of Holocene sea-level markers (refs. Table 1). (b) Sketch profile along the southern sector of Punta
Cirucco showing the morphological and biological features of the upper shoreline, their elevation above the present mean sea level and the radiometric ages of sampled organisms.
(c) Sketch profile along the northern sector of Punta Cirucco showing the morphological and biological features of the lower shoreline, their elevation above the present mean sea
level and the radiometric ages of sampled organisms.
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Fig. 4. (a) Raised morphological markers of the Holocene paleo-sea level occurring along the carbonatic reef of Punta Gamba di Donna; LS: lower shoreline; US: upper shoreline. (b)
Punta Cirucco: fossiliferous beach deposit belonging to the upper paleo-shoreline. (c) Punta Cirucco: band of fossil barnacles (Chthamalus depressus) belonging to the lower
shoreline inside a small cave (see detail in inset). (d) Punta Gamba di Donna: fossil barnacle band belonging to the upper shoreline. (e) Cala Sant’Antonio: bioclastic marine deposit
including pottery and sherds of Roman age. (f) Punta Gamba di Donna (Piscina di Venere): fossiliferous beach deposit belonging to the upper shoreline. (g) Punta del Tono: fossil
barnacle band belonging to the upper shoreline.
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shoreline” (Fig. 4a). The upper shoreline is represented by a notch,
marine deposits and barnacle rims. The notch is found at w2.1 m
elevation and is carved only in the Upper Miocene limestones
outcropping along the northern coast of the peninsula (Punta Gamba
di Donna, Fig. 2). Well-preserved Lithophaga sp. holes are present on
the perimeter of this notch. Locally, the notch is filled by a marine
deposit formed by well-sorted coarse sands and conglomerates,
including small pebbles and bioclasts of intact and fragmented
shells. The average thickness of the deposit is w0.50 m, and its top
has been measured at an elevation of w1.9 m. A rim of intertidal
balanids associated to the upper shoreline has been found at a mean
elevation of w2.4 m at sheltered sites. The rim is mostly composed
by the species Chthamalus depressus that nowadays in the Central
Mediterranean Sea colonizes themeso-tidal sector and represents an
important ingredient of the upper meso-littoral biocoenosis (Pères
and Picard, 1964). The width of the rim typically ranges between
40 and 60 cm and reflects the combined effect of the above mean
tidal range and of the locally variable wave splash zone.

The lower shoreline appears less developed/preserved than the
upper one, and includes a notch and a wave-cut platform (Fig. 4a).
The notch is positioned at w0.80 m and is locally carved in the
deposit of the upper shoreline. Lithophaga sp. holes are also
observed within the notch, but they appear smaller than those
associated to the upper shoreline. At the base of the notch, a wave-
cut platform borders all the coast of the headland at an elevation of
0.5e0.6 m, and is particularly well developed in the northern
sector. Locally, remains of a vermetid rim are found on the platform,
as well as patches of a barnacle rim and a marine deposit. A living
vermetid reef also occurs as a rim along the Punta Gamba di Donna
coastal sector (Fig. 4a).

Below, observations on the two paleo-shorelines at three sites
located along the Capo Milazzo peninsula will be described, from
east to west (Fig. 2): Punta Cirucco, Punta Gamba di Donna and
Punta del Tono. Discussion of each site includes the results of
radiometric AMS dating. Radiocarbon ages were calibrated by the
CALIB 5.0 software (Stuiver et al., 2005) that incorporates a time-
dependent global ocean reservoir correction of about 400 y.

3.1. Punta Cirucco

Punta Cirucco is located along the northeastern coast of the
peninsula (Fig. 2). In this area the rocky coast is steep, indented and
highly exposed to the E-NE wind-generated waves. The two paleo-
shorelines are best exposed along a small coastal headlandw100m
to the north of Punta Cirucco (Fig. 3a). The headland is orientated
NNEeSSW and extends w30 m seaward.

Along the southern corner (Fig. 3b) the upper shoreline is
characterized by a fossiliferous beach deposit, by a small barnacle
band and by other biological remnants. By contrast, the lower
shoreline is only represented by an abrasion platform. The fossil-
iferous beach deposit (Fig. 4b) is heavily eroded and only a small
section, about 1 m thick, with the base located at w1.14 m eleva-
tion, is visible. The section consists of alternating sandy and grav-
elly layers of varying thickness containing small shell fragments
and pebbles. Sediments are well sorted, although they are orga-
nized in packages of different grain size, ranging from medium to
very coarse sands to granules. The finer layers showa plane-parallel
lamination. Organic content is represented by abundant molluscs,
benthic foraminifers and fragments of echinoids (Paracentrotus
lividus), and subordinate bryozoan. Mollusc content is character-
ized bymostly encrusted and broken shells. Abundant specimens of
species belonging to the biocenosis of Posidonia meadows (HP) and
photophilic algae (AP), such as the gastropods Gibbula ardens,
Jujubinus exasperatus, Rissoa ventricosa and the bivalve Venericardia
antiquata are also present. Species with wide ecological
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Fig. 5. (a) Sketch map of Punta Gamba di Donna site (see Fig. 2 for location) with location of Holocene sea-level markers (refs. Table 1). (b) and (c) Sketch profile along the southern
and northern sectors of Punta Gamba di Donna, respectively, showing the morphological and biological features of the upper shoreline, their elevation above the present mean sea
level and the radiometric ages of sampled organisms.
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distribution such as Bittium reticulatum and Cerithium vulgatum
occur in high percentages. Sedimentary features and faunal content
suggest that no change in depositional conditions occurred during
the time of its development, which occurred in an infralittoral
beach environment. Two gastropod shells have been sampled from
this deposit (MIL 04 and MIL 05; Fig. 3b and Table 1). Remains of
a fossil barnacle band have been found directly above the fossilif-
erous beach deposits inside a cavity carved into the bedrock
(Fig. 3b). The band isw0.30mwide, reaches an elevation ofw2.4 m
and marks the maximum height of the upper shoreline at this site.

In the northern corner of the headland (Fig. 3c), the upper
shoreline is totally absent, possibly because this side is more
exposed to wave energy. Only serpulid encrustations were found
and a sample (MIL 07; Fig. 3c and Table 1) was collected atw1.97m.
In contrast, markers of the lower shoreline are better preserved
here. The abrasion platform of the lower shoreline terminates
landward in a small cave, where a barnacle band was found
(Fig. 4c). The denser part of the band is w0.2 m thick, and its top
reaches an elevation of w1.0 m marking the maximum height of
the lower shoreline at Punta Cirucco. Within this band, a fossil
barnacle has been sampled at 0.97 m (MIL 08; Table 1).

Radiocarbon age determinations performed on the samples
collected at Punta Cirucco allow tight constraints to be placed on
the age of the two paleo-shorelines (Table 1). Ages obtained for the
upper shoreline range between 4720 � 102 cal BP (MIL 04) and
3923 � 124 cal BP (MIL 05). These two age determinations were
performed on shells collected at the base and the top, respectively,
of the fossiliferous beach deposit, and are in good agreement with
their stratigraphic position. The serpulid encrustation associated to
the upper shoreline must have been coeval to this deposit, because
the sample MIL 07 yielded an age of 4561 � 322 cal BP. As regards
the lower shoreline, the balanid sampled from the rim yielded an
age of 1413 � 99 cal BP (MIL 08).

3.2. Punta Gamba di Donna

Punta Gamba di Donna is a headland located at the north-
western termination of the Capo Milazzo peninsula, where it
extends seaward for w300 m to the west and separates the Patti
Gulf from the open sea (Fig. 2). The coast is carved into Miocene
limestone, and for this reason dissolution features, such as notches,
were better developed there.

Ancient sea-level markers were surveyed in this sector at
several sites, namely on the eastern side of Punta Gamba di Donna,
at Piscina di Venere and at Scoglio della Portella (Fig. 5a). East of
Punta Gamba di Donna, both paleo-shorelines are present. The
lower shoreline is represented by a wave-cut platform extending
fromw1m down to the present coastline. Aw20 cm thick barnacle
band mostly represented by the species C. depressus was observed
at a maximum elevation of 1.1 m. Similarly, the modern benthic
assemblage is characterized by a band of living C. depressus that
reaches a width of w0.8 m, suggesting high exposure (Fig. 5b). The
upper shoreline is represented by a barnacle band at elevation of
2.6e3.0 m (Figs. 5b and 4d), similar but thicker (40 cm) than that
associated to the lower shoreline. A fossil balanid shell (MIL 06;
Table 1) was collected from themiddle portion of the upper band at
2.84 m and yielded an age of 3791 � 104 cal BP.

The Piscina di Venere (“Pool of Venus”) is a small natural pool
located �200 m south of Punta Gamba di Donna (Fig. 5a). Rust and
Kershaw (2000) described two notches that are clearly distin-
guishable along the coastline (Fig. 4a). The lower notch is developed
within an erosional relict rock located inside the pool (Fig. 5c) and
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Fig. 6. (a) Sketch map of Punta del Tono site (see Fig. 2 for location) with location of
Holocene sea-level marker (refs. Table 1). (b) Sketch profile along the southern sector
of Punta del Tono, showing the morphological and biological features of the upper
shoreline, their elevation above the present mean sea level and the radiometric age of
sampled organisms.

Fig. 7. Sketch maps of Capo Milazzo peninsula showing (a) the nominal elevation
above the present mean sea level of Holocene paleo-shorelines in the distinct studied
site and (b) their calibrated radiocarbon ages (in years BP).
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along the small islet of Scoglio della Portella, 100 m offshore in front
of the pool. This notch appears poorly developed/preserved and,
although several lithophaga holes are present, no biological remains
were found associated with the notch. The roof of the lower notch
was measured at an elevation of w0.8 m. The upper notch is larger,
better preserved and wider than the lower notch, with a roof at
w2.10 m. In the Pool of Venus, the higher notch is filled with
amarine deposit about 50 cm thick (Figs. 5c and 4e), which is formed
by well-sorted coarse sands and conglomerates and includes
pebbles, shells and fragments of shallow-water molluscs.
A gastropod (MIL 10; Table 1), collected from the deposit at elevation
of 1.9 m, yielded an age of 6184 � 93 cal BP. Several fossil barnacle
bands have been found at sheltered sites (sea cavities, karst fissures),
the highest of which located between 2.2 and 2.6 m.

Close to the northern corner of Cala S’Antonio, south-east of
Punta Gamba di Donna (Fig. 2), the marine deposit is present at
elevations from�0.5 m toþ1 m and includes pottery and sherds of
Roman age (w2 ka, I. Radi�c, personal communication) (Fig. 4f).

In summary, morphologic and radiometric results at this site
document that: (i) the notch of the upper shoreline was active
beforew6.2 ka BP as shown by the gastropodMIL 10 collected from
the deposit filling the upper notch; (ii) the highest horizon of the
upper shoreline corresponds to the maximum elevation of the
fossil barnacle band discovered at Punta Gamba di Donna, in good
agreement with the elevation of the same band at Punta Cirucco.

3.3. Punta del Tono

Punta del Tono is located along the western coast of Capo
Milazzo peninsula (Riviera di Ponente; Fig. 2). This stretch of coast
is carved into the metamorphic bedrock and is characterized by
high and indented cliffs. Due to the metamorphic nature of the
bedrock, notches did not form and, similarly, abrasion platforms
were not observed. In addition, blocks deposited by ancient land-
slides are common here, and they likely concealed or erased the
morphological evidence of Holocene paleo-shorelines. Only at
Punta del Tono (Fig. 6a) is the mark of an ancient shoreline repre-
sented by a prominent fossil barnacle band.

The barnacle band here (Figs. 6b and 4g) is the thickest among all
those observed along the Capo Milazzo coastline, and it is quite
continuous for about 400 m, encrusting the bedrock as well as the
landslide blocks. The band reaches amaximumelevation ofw2.6m,
in good agreement with that found at Punta Gamba di Donna.
Similarity in elevation suggests that the barnacle band at Punta del
Tono is related to the upper shoreline. As at Punta Gamba di Donna
and Punta Cirucco, the barnacles are identified as C. depressus. The
denser part of the band, which reflects the mean tidal range, is
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Table 2
Location and paleo-shoreline elevation at distinct sites, including tide and air pressure corrections.

Site Coordinates Marker Measured marker
elevation (m)

Corrected marker
elevation (m)

Data
uncertainty

Shoreline
elevation (m)

Sea-level
constraint

Upper shoreline
Punta Cirucco 38�15.8070N Balanid rim 2.07 � 0.10 2.40 � 0.10 �0.13 2.40 � 0.23 Average

15�14.6280E
Punta Cirucco 38�15.8070N Onlap of beach

deposit
1.81 � 0.10 2.14 � 0.10 þ0.20 2.14 þ0.30 Minimum

15�14.6280E �0.10
Punta Gamba

di Donna
38�16.1880N Balanid rim 2.47 þ 0.10 2.80 � 0.10 �0.20 2.80 � 0.30 Average
15�13.5040E

Punta Gamba
di Donna

38�16.1660N Onlap of beach
deposit

1.60 � 0.10 1.90 � 0.10 þ0.20 1.90 þ0.30 Minimum
15�13.4750E �0.10

Punta Gamba
di Donna

38�16.1660N Notch 1.80 � 0.10 2.10 � 0.10 �0.10 2.10 � 0.20 Average
15�13.4750E

Punta del Tono 38�14.7230N Balanid rim 2.20 � 0.10 2.32 � 0.10 �0.30 2.32 � 0.40 Average
15�14.2670E

Lower shoreline
Punta Cirucco 38�15.8170N Platform

inner margin
0.13 � 0.10 0.50 � 0.10 þ0.30 0.50 þ0.40 Minimum

15�14.6170E �0.10
Punta Cirucco 38�15.8170N Balanid rim 0.63 � 0.10 1.00 � 0.10 �0.20 1.00 � 0.30 Average

15�14.6170E
Punta Gamba

di Donna
38�16.1880N Platform

inner margin
0.23 � 0.10 0.60 � 0.10 þ0.30 0.60 þ0.40 Minimum

15�13.5040E �0.10
Punta Gamba

di Donna
38�16.1880N Balanid rim 0.68 � 0.10 1.10 � 0.10 �0.20 1.10 � 0.30 Average
15�13.5040E

Punta Gamba
di Donna

38�16.1660N Notch 0.5 � 0.10 0.80 � 0.10 �0.10 0.80 � 0.20 Average
15�13.4750E
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w0.6mwide. Similarly, themodern shoreline benthic assemblage is
characterized by a band of living C. depressus that reaches awidth of
w1 m, indicating a high exposure area probably related to the
contribution of the splash zone upon themean tide. A fossil barnacle
was collected at 2.34m from themiddle portion of the band (MIL 11;
Table 1), and provided an age of 1622 � 99 cal BP.

4. Nominal age of paleo-shorelines and elevation

Cross inspection of position above the sea level and radiometric
results obtained for uplifted markers allows establishment of
a nominal elevation and age for the two paleo-shorelines. At each
outcrop, individual markers provide different constraints on the
shoreline elevation (Fig. 7a and Table 2). Whereas notches and bal-
anid rims yield average estimations on the paleo-sea level position,
platform inner margins and onlapping beach deposits furnish
minimum constraints because they are formed below an unknown
Table 3
Nominal elevation above the present sea level and duration of the Holocene paleo-
shoreline obtained by combining the individual marker elevation of dated samples
(see Table 1).

Site Nominal
Elevation (m)

Shoreline
onset, y BP

Shoreline
end, y BP

Upper shoreline
Punta Cirucco 2.27 þ0.27 4720.5 � 102,5

(MIL 04)
3923.5 � 124.5
(MIL 05)�0.17

Punta Gamba
di Donna

2.27 þ0.30 6184 � 93
(MIL 10)

3791 � 104
(MIL 06)�0.17

Punta del Tono 2.32 � 0.40 1622.5 � 99.5
(MIL 11)

Nominal age, y BP ?6184 � 93 ?1622.5 � 99.5

Lower shoreline
Punta Cirucco 0.75 þ0.35 1413 � 99

(MIL 08)�0.20
Punta Gamba

di Donna
0.85 þ0.30

�0.20
Nominal age,

y BP
?1622.5 � 99.5 ?1413 � 99
depth of the water column (Table 2). In these latter cases, the
uncertainty attached to the paleo-shoreline position is asymmetric,
with an error of þ0.30 for the platform and þ0.20 for the beach
deposits (Table 2). These values honour the present-daymorphology
of the seafloor around Milazzo and are consistent with other Holo-
cene paleo-shoreline studies in Calabria (Ferranti et al., 2007).

Determination of the nominal elevation of the paleo-shorelines
at the three studied sites derives from the integration of informa-
tion provided by specific markers. At all sites, the average elevation
of the upper shoreline is consistently computed at w2.3 m (Table
3). In contrast, a slightly different nominal elevation for the lower
shoreline was determined at Punta Cirucco and Punta Gamba di
Donna, although within the uncertainty they could have the same
elevation of w0.9 m (Table 3).

By crossing calibrated ages obtained on all the samples collected
at different sites (Fig. 7b), tight constraints can be placed on the
nominal ages of the two paleo-shorelines (Table 3). At Punta Cir-
ucco, samples MIL 04 and MIL 05, coming respectively from the
base (1.19 m) and the top (1.66 m) of the beach deposit, furnished
calibrated ages of 4721 � 103 cal BP and 3924 � 125 cal BP,
respectively. The time extent of the upper shoreline can be pushed
backward by the radiometric result from Punta Gamba di Donna,
where the shell sample MIL 10 from the marine deposit inside the
notch was dated at 6184 � 93 cal BP. Similarly, sample MIL 06 from
the same site slightly rejuvenates the shoreline at 3791�322 cal BP
(Fig. 7b). However, a markedly younger age for this shoreline is
provided by sample MIL 11, a balanid from Punta del Tono which
has a 1622� 99 cal BP age (Table 3). Based on these constraints, the
upper shoreline was active for a minimum time span of w4.6 ky,
between �6.2 and �1.6 ka BP. However, the shoreline was slightly
older than 6.2 ka, because the notch must have formed before the
sediment filling it, including sample MIL 10. Based on the obser-
vation that present-day notches in the Central Mediterranean Sea
take only few centuries to form (Furlani et al., 2009), the stillstand
indicated by the upper shoreline had a duration of w5 ka.

Outcrops of the lower shoreline, unfortunately, offer fewer
constraints for establishing a nominal age (Table 3). The maximum
age constraint for the shoreline onset is merely indicated by the
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Fig. 8. Sea-level rise curve (thick solid line) and related s2 uncertainty (grey band) for
the Milazzo area according to the model of Lambeck et al. (2011). Displacement above
the modern sea level, and ages of related co-seismic events I and II are also shown. The
grey areas include samples from the lower and upper shorelines.

Table 4
Age and amount of co-seismic vertical displacement during Events I and II.

Event Site Vertical
Displacement (m)

Event I (1.6-1.4 ky B.P.) Punta Cirucco 1.52+0.31
-0.17

Punta Gamba di Donna 1.42+0.30
-0.17

Event II (post 1.4ky B.P.) Punta Cirucco 0.75+0.35
-0.20

Punta Gamba di Donna 0.85+0.30
-0.20
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inferred cessation of the superjacent shoreline at w1.6 ka BP.
Similarly, only sample MIL 08 dated at 1413 � 99 cal BP places
a maximum age constraint for the shoreline cessation (Table 3).
Fig. 9. Sketch depicting the displacement history of Capo Milazzo peninsula as inte-
gration of steady and co-seismic uplift patterns.
5. Glacio-hydro-isostatic correction and uplift

In order to correctly assess the total amount of tectonic uplift
experienced by the coast during the Late Holocene, accurate
corrections for sea-level variations must be applied. Toward this
end, the elevation-age data were compared to the local curve of
Holocene sea-level rise (Lambeck et al., 2011). Using model
predictions calibrated against data from 40 sites in Italy, the authors
have calculated vertical motions of the crust caused by glacial and
melt-water loading/unloading during the glacial cycle in addition
to the global sea-level rise from the melting of the last ice sheets
(the eustatic change). Of these loading corrections, the glacial
signature is caused by the subsidence of the broad geoidal bulge
which formed around the northern ice sheets during the last
glaciation, and the melt-water signature is the subsidence induced
by the weight of the melt-water on the ocean and shallow seafloor
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including the shelves. For the locations considered here, these and
the eustatic contributions are additive.

The total tectonic uplift is portrayed in Fig. 8, where the dated
samples collected at Capo Milazzo are grouped into two point
clusters representing the upper and lower shorelines as bracketed by
radiometric analysis. Inspection of Fig. 8 reveals that samples have
been uplifted by an amount equivalent to their vertical distance from
the sea-level curve. In Table 1 values of total uplift rate estimated for
individual samples are reported. For samples from the upper
shoreline, they range between w1.2 mm/y for the beach deposit at
Punta Cirucco (MIL 04), and w2.1 mm/y for the balanid sampled at
Punta Tono (MIL 11), with an average value of 1.5 mm/y. The balanid
collected at Punta Cirucco, boarding the upper limit of the lower
shoreline, provides a total uplift rate of w1.3 mm/y. Values calcu-
lated for both shorelines are in good agreement suggesting that the
trend did not change during the Late Holocene.

6. Discussion and conclusions

6.1. Co-seismic and steady uplift of the Holocene shorelines

The coastline of Capo Milazzo offers an excellent opportunity to
investigate the contribution of different processes to relative sea-
level changes and cumulative tectonic displacement. The most
ostensible evidence of relative sea-level change is represented by the
separation of the two shorelines known from previous studies (Rust
and Kershaw, 2000) and studied here in more detail. Appraisal of
limiting ages suggests that distinction between the two shorelines
occurred rather rapidly within a limited time window of w200 y
between w1.6 and 1.4 ka BP. The radiometric results are in agree-
ment with the observation that the two shorelines always show
a clear spatial segregation. This separation cannot be related to
a eustatic fall, because the historical sea-level curve shows uninter-
rupted rising (Fig. 8). On these grounds, abrupt land uplift occurred
during this time window, and it was likely related to a co-seismic
event that displaced the upper shoreline above sea level and set the
conditions for commencement of the lower shoreline. The magni-
tude of the vertical displacement occurred during this event ranges
from w1.4 to w1.5 m at Punta Cirucco and Punta Gamba di Donna,
respectively (Event I in Table 4).

Similarly, the observation that the lower shoreline is also clearly
separated from the modern shoreline points to a younger co-
seismic event of uplift. Unfortunately, evidence of this younger
motion cannot be provided by radiometric dating, because no age
constraint exists for shoreline cessation and onset of the modern
shoreline. Toward this hand, stipulation of the realistic amount of
regional uplift experienced by both shorelines, in addition to the
co-seismic uplift, is of use. The fact that the upper shoreline
remained at a rather constant position ofw2.3 m above the present
sea level throughout its lifespan of w4.6e5 ka, when the eustatic
curve was steadily rising, suggests that a mechanismwas operating
to create a relative stillstand. Similar evidence was found in the
Messina Strait (Fig. 1) by Ferranti et al. (2007), who suggested that
steady, regional uplift must have occurred at a rate broadly coin-
cident to that of the sea-level rise in order to maintain a fixed
position of uplifted Holocene shorelines. Following Ferranti et al.
(2007), the Capo Milazzo paleo-shoreline was steadily uplifted at
the rate of local sea-level rise (Fig. 8).

A more accurate estimation of the steady uplift occurred at Capo
Milazzo during development of the upper shoreline can be per-
formed through stipulation of an admissible sedimentation rate for
the marine deposit at Punta Cirucco. At this locale, the rate of
sediment accumulation is provided by the age difference (0.80 ka)
and vertical separation (0.46 m) of samples MIL 04 and MIL 05
(Table 1) which are positioned at the base and the top of deposit
(Fig. 3b). These data yield a sedimentation rate of w0.6 mm/y.
During the same time interval (w4.7e3.9 ka BP), the sea level was
rising from �4.4 to �3.4 m below the present sea-level (Fig. 8), at
a rate of w1.25 mm/y. The real rate of land uplift is estimated by
subtracting the sedimentation rate from the isostatically-corrected
eustatic sea-level rise, w0.65 mm/y.

Even though scarce remains of marine deposits are associated
with the lower shoreline, a similar reasoning cannot beapplied in this
case. However, thewidth of thedenser partof the associated barnacle
band is comparable to thatof the living rim (Fig. 3c). Basedon this, the
lower shoreline was steadily uplifted at a rate equal to the sea-level
rise (0.63mm/y), before being abruptly isolated above the sea bya co-
seismic event. Following the discussion for the upper shoreline, the
co-seismic vertical displacement of the lower shoreline can be esti-
mated by considering themagnitude of steady uplift at CapoMilazzo
and the total uplift of the younger barnacle band found at Punta Cir-
ucco (MIL 08). The post-1.4 ka steady uplift estimated at 0.63 mm/y
would have displaced the barnacle band of about 0.9 m above its
physiological position. However, the sea level during the last 1.4 ka
has risenabout0.89m, andasa consequence thebarnacleband found
at Punta Cirucco should have remained close to the present sea-level
position. Therefore, its actual location implies a displacement ranging
between 0.75 and 0.85 m (Event II in Table 4).

Estimations of steady uplift for the two shorelines, using different
approaches, are strikingly similar, suggesting that this inter-seismic
deformation was caused by a regional process. Support toward this
inference come from the elevation of the MIS 5.5 shoreline at Capo
Milazzo (w90 m), which yields a long-term uplift at w0.7 mm/y
(Ferranti et al., 2006). This rate should represent the cumulative
effect of regional and abrupt (co-seismic) tectonic displacement at
the w100 ka scale. If this assumption is valid, the 0.7 mm/y long-
term uplift is in large part due to the regional process. The fact that in
the long-term, the local, co-seismic tectonic signal is lost was
previously noted in the Messina Strait by Ferranti et al. (2007), who
suggested that clusters of earthquakes occurred episodically and
were separated by longer quiescence intervals, when only the
regional uplift operated. Accordingly, co-seismic uplift at the Capo
Milazzo coastline is not constant, rather it is punctuated.

6.2. Late Holocene displacement history

Integration of steady and co-seismic uplift patterns indicates the
history of displacement at the Capo Milazzo coastline (Fig. 9).
Between 6.2 (but probably since w6.5 ka) and 1.6 ka, the upper
shoreline was formed (Fig. 9a). The notch was the first morpho-
logical feature that started to form some centuries before the
w6.2 ka marine deposit commenced, filling it and halting its
enlargement. Sediments accumulated steadily, as indicated by
radiometric dates at w4.7 and w3.9 ka. The deposit also grew in
historical time, as indicated by the Roman (w2 ka) pottery included
in it. During this time span, the landwas tectonically raised at a rate
(0.65 mm/y) equal to about half the eustatic rise. Only during the
short time span of notch formation it was possible that land uplift
was slightly faster to maintain a perfect stillstand. Starting from at
least 3.8 and until 1.6 ka, a barnacle rimwas formed at the top of the
deposit and even above the notch, as indicated by the rim elevation
at Punta Gamba di Donna (Fig. 4c). This occurrence clearly reflects
the fact that the seawas rising, even if at a reduced rate (0.9 mm/y),
faster than the regional uplift rate (0.65 mm/y), so that the notch
was submerged and the barnacle band formed above. The fact that
the band is wider than the younger and the modern ones is related
to the at least w2 ka lifespan of the band, during which a slight
relative sea-level rise must have occurred.

Between 1.6 and 1.4 ka BP, co-sesimic uplift raised the upper
shoreline above sea level and the lower shoreline started to form
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(Fig. 9b). Although the lower shoreline includes a notch, a barnacle
rim and a marine deposit, it was less developed/preserved than the
upper shoreline. This occurred because the upper shoreline
developed during a longer time interval, and was uplifted a larger
amount above the coeval sea level (Table 4). In addition, the
observation that the lower shoreline is heavily eroded could
suggest that the younger co-seismic event that uplifted this
shoreline (Fig. 9c) occurred close to the shoreline inception (1.4 ka
BP). A relatively old age for this event could also explain why it was
omitted in the historical seismicity record (see Fig. 1b).

6.3. Seismotectonic implications

This study documents that two paleo-earthquakes probably
occurred in the Late Antiquity with coastal displacement in the
Capo Milazzo area, where historical and instrumental seismicity is
less intense than in nearby sectors such as the Messina Straits
(Fig. 1). The analysis of historical seismicity reveals that a few
earthquakes occurred in this area within the time defined for the
two events. According to Guidoboni et al. (2000), based on Libanius’
chronicles, a strong earthquake probably affected northern Sicily
between 350 and 363 AD. Another major event probably occurred
in the second half of the VII century AD, following eruptions at the
Vulcano Island (Guidoboni et al., 1994). Finally, the chronicles
report, even if with many uncertainties, the occurrence of a large
earthquake in eastern Sicily in the 853 AD (see Boschi et al., 1995
and references therein). This uncertainty prevents definite
conclusions, and further analysis in the numerous archaeological
sites of northeastern Sicily would be necessary to find new infor-
mation and for a more complete evaluation of this uncertain event
reported in the catalogues.

Using well-established empirical relations between surface
displacement and magnitude (Wells and Coppersmith, 1994), the
average vertical slip per event estimated for co-seismic events I and
II (w1.4 and w0.8, respectively, see Fig. 9) at Capo Milazzo point to
M w 6e7 earthquakes, which in turn is broadly compatible with
crustal structures having w10e40 km length. What remains
unsolved is the causative source for these earthquakes, which likely
corresponds to an offshore fault. In this area, the transition from
crustal extension in the east to shortening in northwest Sicily
occurs via a belt of strike-slip and transpressive faults (Fig. 1), and is
indicated by structural studies, seismicity and geodetic analysis
(e.g. D’Agostino and Selvaggi, 2004; Neri et al., 2005; Pondrelli
et al., 2006; Billi et al., 2006; Ferranti et al., 2008; Mattia et al.,
2008). In the immediate northwest offshore of Capo Milazzo,
earlier extensional structures were reactivated in a dextral trans-
pressional regime related to NeS active compression (Mattia et al.,
2009). Two active anticlines, with NWeSE striking en-echelon axes
(Vulcano and Capo Milazzo folds; Fig. 1), are clearly shown by
seismic profiles (Argnani et al., 2007). The elongated shape of the
Capo Milazzo peninsula and the sub-horizontal attitude of the
sedimentary succession outcropping on its top suggest that it may
represent the southwards onshore extension of the Capo Milazzo
anticline. Moreover, the geometry of this fold could be consistent
with the required size of seismogenic sources for the two paleo-
earthquakes detected along the coastline of the Capo Milazzo
peninsula. Although further investigation is needed to document
a direct link between offshore structure and coastal deformation,
the analysis highlights the compelling need for a re-evaluation of
seismic hazard in northeast Sicily.
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