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ABSTRACT

Late Holocene (~6.5 ka) shorelines represented by tidal notch-
es, beach deposits, wave-cut terraces and intertidal organic rims are 
raised from few decimetres up to 5.5 m above the present sea level in 
the southern part of the Calabrian Arc, southern Italy. At five localities 
(Capo Vaticano and Scilla in southern Calabria and Taormina, Schisò, 
Capo Milazzo in north-eastern Sicily), the uplifted paleo-shorelines 
form a distinct vertical sequence where the older shorelines rest in-
variably above the younger ones. Such arrangement documents the 
occurrence of abrupt uplift events that, within the limits imposed by 
existing age controls, we attribute to ancient earthquakes. A com-
prehensive appraisal of published studies has allowed to draw an 
inventory with a total of possibly sixteen earthquakes which, based 
on the amount of shoreline displacement (~0.5-2 m) and the length 
of coastal section involved in uplift, were likely to be of strong size. 
It appears that the amount of uplift decreased with time during the 
Late Holocene at all sites but Capo Vaticano, where it remained al-
most stationary. The co-seismic events appear grouped within four 
temporal clusters, during which uplift occurred at most of the five 
coastal sectors investigated here. These clusters spanned time inter-
vals whose duration, although difficult to bracket with precision, is of 
few hundred years, and are separated by longer (~0.5-1.5 ka) periods 
of apparent tectonic quiescence. The sources of co-seismic uplifts are 
still undefined, and should be searched between normal faults in the 
stretched Calabrian upper crust, or lower crustal thrust faults related 
to the Ionian subduction. 

KEYWORDS: raised paleoshorelines, co-seismic uplift, earthquake 
clusters, Late Holocene, southern Calabrian Arc.

INTRODUCTION

Coastal deformation at subduction margins is com-
monly characterized by significant co-seismic uplifts 
that result from faulting related to subduction (KELLER & 
PINTER, 2002). The pattern of uplift at the coast depends, in 
addition to complexities of the rupture processes, on the 
distance of the coast from the seismogenic source (e. g. 
NATAWIDJAJA et alii, 2004; SUBARYA et alii, 2006 for the 2004 
Sumatra Mw 9.1 thrust earthquake). 

In the Mediterranean setting, subduction of the Af-
rican plate beneath Europe occurs underneath Greece 
(SHAW et alii, 2008) and possibly Calabria (FACCENNA et alii, 
2011). Recent and historical meter scale uplifts (up to 9 
m) of marine notches are documented at Crete (SHAW et 
alii, 2008), and elsewhere in Greece (PIRAZZOLI et alii, 1994) 
during thrust earthquakes in the overriding plate ~100 km 
inboard of the subduction interface.

In the Calabrian Arc (Fig. 1), coastal uplifts were not 
reported during historical earthquakes, but raised Holo-
cene shorelines have been documented, indeed (PIRAZZO-
LI et alii, 1997; RUST & KERSHAW, 2000: ANTONIOLI et alii, 
2006; STEWART et alii, 1997; DE GUIDI et alii, 2003; FERRANTI 
et alii, 2007; 2008; SCICCHITANO et alii, 2011; SPAMPINATO et 
alii, 2012; 2014). Fault-related displacement represents a 
component of the overall uplift that affects the Calabrian 
Arc since the Early-Middle Pleistocene, as documented 
by widespread flights of raised marine terraces (WEST-
AWAY, 1993; MIYAUCHI et alii, 1994; ROBERTS et alii, 2013). 
Whereas Pleistocene co-seismic uplifts are difficult to 
study, because terraces do not offer high spatial reso-
lution so that individual events were obliterated during 
time, raised Holocene shorelines provide valuable clues 
for geodynamic and seismotectonic analysis. Specifically, 
the finding of distinct and datable paleoshorelines over a 
significant part of the Calabrian Arc offers three appeal-
ing promises: 1) to discriminate between a local (relat-
ed to shallow-crustal structures) and a regional (ensuing 
from deeper processes in the lower crust or in the upper 
mantle) component of vertical deformation (e. g. FERRANTI 
et alii, 2007; FACCENNA et alii, 2011); 2) to document that 
the local component ensues from a seismogenic fault, and 
thus provide information on the timing and amount of 
vertical displacement during past earthquakes; and 3) to 
test geodynamic models for the region. 

This contribution reviews the existing knowledge on 
uplifted Late Holocene shorelines in southern Calabria 
and northeastern Sicily, and it is specifically focused on 
the local component of vertical displacement. Our aim is 
twofold. The basic purpose is to provide a comprehensive 
database of sudden uplift events at the coasts, which can 
be then related to past earthquakes. Building on this, we 
are interested to look, within this record, for broad tempo-
ral and spatial patterns of earthquake occurrence, and to 
test alternative geodynamic scenarios for uplift.

Inconveniences affecting our effort reside in correctly 
estimating the size of these events (in terms of equivalent 
earthquake magnitude), and in attributing them to specif-
ic sources. Because uplifts described here typically range 
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between 0.5-2 m during individual earthquakes, and affect 
coastal sectors of southern Calabria and northern Sicily 
having up to and probably more than ~20 km length, we 
are however dealing with significant-sized earthquakes. In 
addition, limited information exist on seismogenic sources 
that may be responsible for these uplifts. Because the Cal-
abrian Arc is the narrower and longer stretch of mainland 
Italy (Fig. 1), and taking into account its strong seismici-
ty record (Fig. 2), it is predicted that several seismogenic 

sources must reside across the coastline and in the offshore 
(DISS WORKING GROUP, 2015).

Notwithstanding these limitations, we found that 
co-seismic uplifts recurrently affected five distinct coast-
al sectors during relatively limited time intervals of few 
hundred yrs. This occurrence repeated four times in the 
last ~6 kyr with an apparent 0.5-1.5 kyr periodicity. This 
space-time pattern of co-seismic deformation supports the 
contention that clustering of large earthquakes may be a 

Fig. 1 - Tectonic setting of the Calabrian Arc. Dotted red lines: Front of the collisional orogen in the Apennines, in southern Sicily, and in the 
Sicily Channell, and of the accretionary prism in the Ionian Sea; solid red lines: thrust faults in the Ionian accretionary prism (after POLONIA et 
alii, 2011) and offshore northern Sicily (solid teeth toward the overthrust block). Thick solid (dashed where buried) black lines: ancient conti-
nental margins rimming the Ionian Sea. Thin dotted black lines: depth (km) to the Benioff-Wadati zone of the Ionian slab (after D’AGOSTINO & 
SELVAGGI, 2004). Thin, solid, dashed (uplift) and dotted (subsidence) blue lines: contour lines of vertical deformation rates (mm/yr) during the 
Late Pleistocene (after FERRANTI et alii, 2006).
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viable mechanism for temporally punctuated seismic ener-
gy release in the Calabrian Arc.

REGIONAL SEISMOTECTONIC SETTING

Calabria and north-eastern Sicily together form 
the Calabrian Arc that represents the emerging part of 
a forearc terrane emplaced above the subducted Ionian 
slab, which dips steeply to the NW underneath the Tyrrhe-
nian back-arc basin (Fig. 1; CHIARABBA et alii, 2005). The 
forearc high has been stretched by Pliocene-Quaternary 
extension, and today a belt of active extensional faults 
run along the Tyrrhenian Sea margin and the chain axis 
(Fig. 2). The extension direction, determined by fault slip 
analysis (TORTORICI et alii, 1995; FACCENNA et alii, 2011), 
focal mechanisms of crustal earthquakes and global po-
sitioning system (GPS) geodetic velocities (D’AGOSTINO & 
SELVAGGI, 2004; PALANO et alii, 2012), is NW-SE (Fig. 2). 
Residual geodetic velocities across the normal fault belt 
point to extension rates of up to ~3 mm/yr (SERPELLONI et 
alii, 2010; DEVOTI et alii, 2011).

Several large (M≥6) earthquakes ruptured the whole 
length of the Calabrian Arc in the last ~2 ka (CPTI15, 2016) 
and are mostly associated to the extensional belt (see the 
review of TIBERTI et alii, this volume). Most of the events 
are clustered during a short time period of ~3 centuries 
between the 17th and 20th, with the strongest of them being 
located in southern Calabria (Fig. 2; JACQUES et alii, 2001). 
With the exception of the 1908 event, placed on the Tyrrhe-
nian margin, the macroseismic epicenter of major earth-
quakes is located close to the axis of the mountain ridge 
running through Calabria.

The extensional fault belt wanes in north-eastern Sic-
ily where deformation is transferred to an ~E-W orient-
ed belt of contractional earthquakes that identifies an ac-
tive thrust system offshore northern Sicily (Fig. 1; NERI et 
alii, 2005; BILLI et alii, 2007). The transition zone between 
these two belts occurs along a NNW-SSE striking dextral 
transcurrent array, the Aeolian-Tindari-Letojanni (ATL) 
fault system (Fig. 2). Geological, seismological and marine 
geophysical data point that the ATLFS is characterized 
by active right-lateral motion in the Tyrrhenian offshore 
and on the Tyrrhenian margin of Sicily (BILLI et alii, 2006;  
CULTRERA et alii, this volume), and GPS velocities indicate 
dextral shear occurs till the Ionian coast of Sicily is reached 
(PALANO et alii, 2012).

The nature and location of active faults offshore the 
Calabrian Arc are not well constrained. Underneath the 
Tyrrhenian Sea shelf and slope, and in the wider Messina 
Strait between Calabria and Sicily, active faults are thought 
to be extensional (LORETO et alii, 2013; TIBERTI et alii, this 
volume). Beneath the Ionian Sea, conversely, active struc-
tures are related to the Ionian accretionary complex (Fig. 1; 
POLONIA et alii, 2011; 2012). Active contraction at the front 

Fig. 2 - Active faults and historical seismicity in the southern Cal-
abrian Arc. Faults (red lines, solid on-land and dashed offshore) are 
extensional (barbed on the downthrown side) or strike-slip modified 
(arrowed): ATLFS, Aeolian-Tindari-Letojanni fault system; CF, Citta-
nova Fault; MEF, CNF, Coccorino-Nicotera fault; SF, Scilla Fault; TF, 
Taormina Fault. Large arrows show the dominant extensional and 
strike slip current deformation in Calabria and in northeast Sicily, 
respectively. Red dots are macroseismic epicenters of historical earth-
quakes, with date indicated, scaled according to magnitude (after 
CFTI4Med catalogue, GUIDOBONI et alii, 2007). Dots with numbers 1, 
2, 3 for the 1905 earthquake are the different locations proposed by 
1) POSTPISCHL (1985); 2) CAMASSI & STUCCHI (1997); 3) MICHELINI et alii 
(2005) and reported in CUCCI & TERTULLIANI (2010). The apex notations 
(1, 2, 3) for the 1783 earthquake refers to the 5, 6 and 7 February 
shocks, respectively.  Focal mechanism of the 1908 earthquake after 
GASPARINI et alii (1982).

Fig. 3 - Late Holocene uplift rates (adapted from FERRANTI et alii, 
2010), and sites of late Holocene paleoearthquakes (numbers refers to 
Table 2) in the southern Calabrian Arc.
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Fig. 4 - Examples of markers used for positioning the current elevation of uplifted paleo-shorelines: a) close-up of a barnacle band (Bal) defining 
the inner margin of paleoshoreline PS2 at Scilla (see Figures 5c, 5d); AR is an algal rim underlying the barnacle band, and associated to the 
paleoshoreline; b) marine deposit of paleoshoreline PS1 from Scilla. Finger points to a bivalve shell; c) upper and lower terraces and related 
inner margins (dashed lined) related to paleoshorelines PS1 and PS2 at Scilla, respectively; d) same as Fig. 4c, from above: e) upper and lower 
notches at Punta Gamba di Donna (Capo Milazzo) attributed to PS1 and PS2, respectively; f) Well-developed lowermost notch and platform, 
and overlying poorly preserved notch attributed to PS4 and PS3, respectively, observed at S. Domenica (Capo Vaticano).

and along thrusts splaying within the accretionary wedge 
from the basal detachment is suggested by seismic reflec-
tion profiles (POLONIA et alii, 2011). In addition, the wedge 

is segmented across strike by crustal transfer tectonic sys-
tems, which represent the shallow expression of shears 
in the subducted plate (Fig. 1; POLONIA et alii, 2016). GPS 

Downloaded from https://pubs.geoscienceworld.org/italianjgeo/article-pdf/136/3/454/3944118/454.pdf
by Arizona State University user
on 15 January 2019



L. FERRANTI ET ALII458

velocities and dynamic modeling suggest up to ~5 mm/yr 
contraction across the Calabria forearc (D’AGOSTINO  
& SELVAGGI, 2004; D’AGOSTINO et alii, 2011; CARAFA et alii, 
2015), which could stem from current subduction (DEVOTI 
et alii, 2008).

During Quaternary, the Calabrian Arc experienced 
vigorous uplift (WESTAWAY, 1993; MIYAUCHI et alii, 1994;  
ANTONIOLI et alii, 2006). Uplift estimates cumulate the ef-
fects of both regional and local processes, the latter re-
lated to faulting (WESTAWAY, 1993; FERRANTI et alii, 2007; 
2010; ROBERTS et alii, 2013). Much of the regional uplift 
is associated with the Ionian subduction (FACCENNA et alii, 
2011; ROBERTS et alii, 2013), as suggested by the spatial co-
incidence between the locus of largest surface uplift and 
the extent of the slab (Fig. 1). Uplift is interpreted as the 
response to asthenospheric wedging into the gap result-
ing from slab detachment (e.g. WESTAWAY, 1993; WORTEL & 
SPAKMAN, 2000) or from crustal delamination (GVIRTZMAN 
& NUR, 2001), or as due to underplating beneath the ac-
cretionary wedge (MINELLI & FACCENNA, 2010), or finally as 
the viscoelastic response to enhanced erosional flux from 
land to sea following the onset of glacial-interglacial cycles 
(WESTAWAY & BRIDGLAND, 2007).

A smaller fraction of Quaternary uplift has been related 
to footwall uplift along extensional faults (e. g. WESTAWAY,  
1993; TORTORICI et alii, 2003). This occurrence concerns 
large planar normal faults that rotate about a horizontal 
axis while they move, causing a tilt that is observable in 
the geological record (JACKSON et alii, 1988), and locally 
during extensional earthquakes in the Mediterranean area  
(JACKSON et alii, 1982). According to this scenario, exten-
sion in southern Calabria would be characterized by the 
so-called domino-style faulting. Conversely, hanging-wall 
subsidence counteracts the effects of regional uplift, which 
in the long-term prevails (VALENSISE & PANTOSTI, 1992;  
ROBERTS et alii, 2013).

Integrated (regional and local) Holocene uplifts, peaking 
at ~2 mm/yr (Fig. 3), have been documented in Calabria at 
several places where raised shorelines were analyzed in de-
tail. These localities include: Capo Milazzo in northern Sic-
ily (SCICCHITANO et alii, 2011); Taormina-S. Alessio (STEWART  
et alii, 1997; ANTONIOLI et alii, 2003; DE GUIDI et alii, 2003) 
and Capo Schisò (SPAMPINATO et alii, 2012) in eastern Sicily; 
the Scilla (FERRANTI et alii, 2007; 2008) and Capo Vaticano 
(SPAMPINATO et alii, 2014) coasts in southern Calabria. At the 
studied sectors, Late Holocene (~6.5 ka or younger) shore-
lines are represented by different geomorphologic or dep-
ositional markers (Fig. 4), including notches and wave-cut 
terraces, and organic rims and shore deposits, respective-
ly (for a detailed description of characteristics and posi-
tion of markers the reader is referred to the papers quoted 
above). Currently, these ancient shorelines are raised up to 
~5.5 m above the present sea level (Tab. 1). 

Regional synthesis on Late Holocene shorelines in Cal-
abria have been presented before (PIRAZZOLI et alii, 1997; 
ANTONIOLI et alii, 2006; 2009; FERRANTI et alii, 2010). Al-
though ANTONIOLI et alii (2006) and FERRANTI et alii (2010) 
attempted to single out the regional pattern of coastal 
deformation, pointing out the differences between long-
term (100 to 1000 ka) and short-term (10 ka) uplift occur-
rence, no comprehensive analysis exists regarding possible 
spatial and temporal links among the uplifting sectors, as 
well as of the tectonic context that caused displacements. 

LATE HOLOCENE COASTAL UPLIFTS

In this section, we review and homogenise evidence of 
past uplifts documented along the coastline of the south-
ern Calabrian Arc by a number of studies. Table 1 reports 
the mapped paleoshorelines (PS) numbered progressively 
within each sector, along with their age and the type of 
marker(s) used for their identification. The elevation of 
each paleoshoreline is drawn from published papers and 
already incorporates paleo-bathymetric and tidal correc-
tions to marker measurements. 

Table 2 lists, for each coastal sector, the actual sites 
of uplifted shorelines (see Fig. 3 for location of individ-
ual outcrops) with the displacement measured therein 
(Fig. 5). The timing and amount of displacement (Tabs. 1, 
2) is derived from the age and elevation difference between 
sequentially uplifted shorelines. For sake of simplicity, 
data provided in published papers and listed in Tables 1 
and 2 have been rounded to one decimal, including their 
nominal uncertainties. The uncertainty on the age of uplift 
events mostly derives from the uncertainty in age control 
on the shorelines duration. 

Figure 6 shows the pattern of uplift during time ob-
tained by combining data from local sites within individual 
coastal sectors. Note that the uncertainty bar on the vertical 
displacement estimate for single events in Figure 6 does not 
represent a computational uncertainty. Rather, it shows the 
spread of uplift measurements at different sites (Tab. 2).

The number of uplift events noted in Roman numbers 
in Tables 1 and 2 and Figures 6 and 7 is the sequence estab-
lished at each site. The age difference between sequential 
events defines the event recurrence at individual sectors 
(Tab. 1).

To avoid inconsistency among different datasets caused 
by contrasting carbon-14 calibrations applied in the orig-
inal studies, published conventional radiocarbon ages 
were calibrated here with the CALIB software (STUIVER & 
REIMER, 1993) version 6.0. On the same line, all published 
uplifts were recalculated using the sea-level curves of LAM-
BECK et alii (2011). Thus, age and elevation of some shore-
lines and of related uplift events reported here may slightly 
differ from those presented in previous studies (specifically 
results from Scilla and Capo Milazzo: FERRANTI et alii, 2007; 
SCICCHITANO et alii, 2011).

CAPO VATICANO

The Capo Vaticano peninsula is a structural high 
bounded by SW-NE and NW-SE trending normal faults 
(Fig. 2). This area was hit by a large [Mw 6.95 (macroseis-
mic) and 7.4 (instrumental)] earthquake in 1905, whose 
source is debated (LORETO et alii, 2013, TIBERTI et alii, this 
volume). The headland experienced Quaternary uplift 
that is recorded by raised coastal terraces, whose number 
and distribution vary according to different investigators  
(MIYAUCHI et alii, 1994; TORTORICI et alii, 2003; CUCCI &  
TERTULLIANI, 2006; BIANCA et alii, 2011). Notwithstanding, 
consensus exists on a north-eastern tilt of the promontory 
as reflected by the decreasing elevation of Pleistocene ma-
rine terraces towards the northeast. The tilt evidenced by 
the uplifted Pleistocene terraces is mirrored by the differ-
ential displacement pattern of lowstand prograding wedg-
es formed during the Last Glacial Maximum (LGM) at the 
shelf-break around Capo Vaticano (PEPE et alii, 2014).

Downloaded from https://pubs.geoscienceworld.org/italianjgeo/article-pdf/136/3/454/3944118/454.pdf
by Arizona State University user
on 15 January 2019



UPLIFTED HOLOCENE SHORELINES IN THE CALABRIAN ARC 459

Detailed mapping of geomorphological and biological 
sea-level markers around the promontory has document-
ed the occurrence of four Holocene paleo-shorelines, rep-

resented by fossiliferous deposits and intertidal bands of 
organisms such as balanids and vermetids, raised at differ-
ent elevations (Tab. 1; SPAMPINATO et alii, 2014). The highest 

TABLE 1

Distribution and characteristics of Late Holocene paleo-shorelines and earthquakes in different sectors of the southern 
Calabrian Arc.

Sector Region
Displaced 

marker

Paleo-shoreline
Paleoshoeline age 
constraint (yr BP) Paleo-

shoreline 
minimum 
duration 
(ka BP)

Uplift 
event 

id.

Bracketed 
event age 
(kyr BP)      

Preferred 
event age 
(ka BP)

Recurrence 
(ka)

Base 
reference

No.
 Elevation 

(m asl)
onset end

Capo 
Vaticano

SW 
Calabria

beach 
deposit-

notch-algal-
barnacle 

rim

PS1 2.3 5756±114 5701±112 N/A I 5.7-5.5 5.6 N/A

Spampinato 
et al., 2014

barnacle-
vermetid 

rim
PS2 1.8 5455±124 3903±151 1.6 II 3.9-3.5 3.7 1.9

beach 
deposit-

notch-algal-
barnacle 

rim

PS3 1.4 3486±99 1856±83 1.6 III 1.9 1.9 1.8

notch PS4 0.8 <1856±83 N/A N/A IV <1.9 1.0 0.9

Scilla

terrace PS0 >3.8 N/A > 5350±40 N/A I >5.3 5.5 N/A

Ferranti 
et al 2007, 

2008

beach 
deposit

PS1 2.3-3.8 5350±40 3708±130 1.6 II 3.7 3.7 1.8

barnacle 
rim

PS2 1.2-1.8 3667±120 1883±338 1.8 III 2.2-1.7 1.9 1.8

Capo 
Milazzo

N Sicily

beach 
deposit-
notch-

barnacle 
rim

PS1 2.3 6363±71 1914±40 4.5 I 1.9-1.6 1.8 N/A

Scicchitano 
et al., 2011

notch-
barnacle 

rim
PS2 0.8 1613±92 ? N/A II <1.6 1.0 0.75

Taormina-
Capo S. 
Alessio

E Sicily

notch PS1 5.5 5954±320 >5057±200 N/A I 6-5.1 5.6 N/A
de Guidi et 
al., 2003; 
Stewart et 
al., 1997; 

Antonioli et 
al., 2003

notch-
borings

PS2 4.5 5057±200 4437±340 0.6 II 4.4-3.3 3.9 1.7

notch-
borings

PS3 1.8-2.4 3334±521 2164±139 1.1 III 2.1-1.8 2.0 1.9

notch PS4 0.8 1791±160 N/A N/A IV <1.8 0.9 1.0

Capo 
Schisò

beach 
deposit

PS1 4.7±0.3 6431±144 >3907±357 N/A I 6-3.9 4.2 N/A

Spampinato 
et al., 2012

algal-
barnacle-
vermetid 

rim

PS2 2.9±0.5 3907±357 >977±63 N/A II 3.9-1.0 2.5 1.7

algal-
barnacle-
vermetid 

rim

PS3 1.2±0.6 977±63 N/A N/A III <1.0 0.9 1.3
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shoreline (PS1) is found at a rather constant elevation of 
~2.3 m along both the SW and NW coastal cliffs limiting 
the promontory, for a ~20 km total length (Fig. 5a). Sim-
ilarly, subjacent PS2 is mapped for ~15 km at an eleva-
tion of ~1.8 m along both coasts. Younger PS3 and PS4, 
which are represented by poorly developed notches and by 
raised platforms (Fig. 4f), are mapped for ~12 km at ele-
vations of ~1.4 and ~0.8 m, respectively (Fig. 5a). Figure 
5a shows that PS3 and PS4 start losing elevation north of 
S. Domenica and Tropea, so that the lowermost shoreline 
PS4 is found at present sea-level at Briatico, ~10 km north 
of Tropea. 

Based on the separation between paleoshorelines, four 
abrupt uplift events at 5.7–5.5 ka, 3.9–3.5 ka, ~1.9 ka and 
<1.9 ka ago are recognized (Tab. 1). The vertical uplift oc-

curred during the four events is quite similar with a small, 
steady growth during time (Fig. 6). The comparable amount 
of uplift per event suggests that the causative source may 
be the same for all of them. The recurrence time between 
events is at a regular interval of ~1.8 ka (Tab. 1).

Corrections for sea-level changes point to a cumula-
tive uplift rate in the last ~6 ka that decreases from ~1.3 to 
0.6 mm/yr moving from south to north along the headland 
coastline (Fig. 3). The asymmetric Holocene uplift, with 
a greater magnitude in the southwest sector of the prom-
ontory, is akin to the long- and intermediate-term defor-
mation attested by Pleistocene terraces and submerged 
LGM lowstands (PEPE et alii, 2014). SPAMPINATO et alii (2014) 
suggested that the larger uplift in the south-western sector 
reflects the additional contribution, onto the large-wave-

TABLE 2

Vertical displacement caused by each paleo-earthquake recorded at individual sites in different sectors of the southern 
Calabrian Arc. Site numbers refer to Fig. 3. The site inter-distance is computed, along the reported azimuth, between 

adjacent sites in each domain.

Site Site Id. Site inter-distance Clusters, events, events age & site event displacement (m)

  (km) Azimuth Cluster 1 Cluster 2 Cluster 3 Cluster 4

Capo Vaticano    I II III IV

Event age (ka)    5.7-5.5 3.9-3.5 1.9 <1.9

Joppolo 1 0 - 0.4 N/A N/A N/A

Coccorino-Ricadi 2 6 NW 0.4 0.4 0.6 0.8

Capo Vaticano 3 1 NW N/A 0.3 0.7 0.8

S. Domenica 4 7 NE 0.5 0.6 0.5 0.7

Tropea 5 3 NE 0.9 0.6 0.6

Scilla    I II III  

Event age (ka)    5.5? 3.7 2.2-1.7  

Palmi Marina 6 0 - N/A 1.3 1.0  

Pietra Galera 7 2 SW N/A 1.8±1.0 1.4±0.8  

Bagnara Calabra 8 4 SW N/A 1.8±0.3 1.2±0.3  

Punta Paci 9 12 SW N/A 1.7±0.8 1.2±0.6  

S. Gregorio Marina 10 1 SW N/A 2.0±0.3 1.8±0.2  

Capo Milazzo      I II

Event age (ka)      1.9-1.6 <1.6

Punta del Tono 11 0 -   2.3±0.4

Punta Cirucco 12 2 NNE   1.3±0.3 0.8±0.3

Punta Gamba di donna 13 2 NW   1.3±0.3 0.8±0.3

Taormina-S. Alessio    I II III IV

Event age (ka)    6.0-5.1 4.4-3.3 2.1-1.8 <1.8

Capo S. Alessio 14 0 - 1.0 2.7 1.0 0.8

C. S. Andrea-C.Taormina 15 8 SW 0.8 2.6±0.5 0.9±0.1 0.6

Capo Schisò     I II III

Event age     4.2? 2.5? <1.0

Capo Schisò 16 4 SW  1.8±0.1 1.1±0.1 0.6±0.5
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length regional signal, of earthquake displacements, which 
are not registered in the north-east. In fact, PS4 at Bria-
tico has been uplifted only by regional processes and not 
by co-seismic deformation (ANZIDEI et alii, 2013). It is not 
established whether older shorelines thus far north experi-
enced co-seismic uplift or were similarly raised only by the 
steady regional process.

SCILLA-PALMI

The cliff-limited coastline east of the Messina Strait 
runs ~20 km between the villages of Scilla and Palmi 
(Figs. 2, 3). ANTONIOLI et alii (2004) firstly provided age 
of fossils found up to ~3 m above the present sea level at 
two outcrops along this coast (9 and 10, Fig., 3). Later on,  
FERRANTI et alii (2007) mapped, at these two and at three 
additional outcrops, two distinct paleoshorelines. 

The shorelines, PS1 and PS2, are dominantly repre-
sented by a fossiliferous marine deposit (Fig. 4b) lying in 
patches above an upper wave-cut terrace (Figs. 4c, 4d), and 
by a barnacle band (Fig. 4a) located at the inner margin of 
a lower terrace (Figs. 4c, 4d), respectively. These markers 

have been uplifted at a rate decreasing from 1.8 to 1.3 mm/yr  
moving from south to north (Fig. 3).

PS1 is found at an elevation of between 2.3-3.8 m 
(Fig.. 5b), and it has been dated between 5.4-3.7 ka (Tab. 1). 
The subjacent PS2 stands at between 1.2-1.8 m, it formed 
between 3.7-2.1 ka, and it was superposed by a fresh-water 
flowstone aged at 1.7 ka. Based on shoreline ages, rapid 
displacements of up to 2 m for both events are tightly con-
strained at 2.2-1.7 and 3.7 ka, with a ~1.8 ka recurrence 
time (Tab. 1).

The amount of uplift during these events appears to 
be consistent, so that the deformation profile parallel to 
the coast is similar for both shorelines (Fig. 5b). Uplift de-
creases to the NE and it could reach a termination at ~25-
30 km. On the other hand, uplift increases at the SW limit 
of the mapped outcrop, suggesting that it could continue 
further to the SW (Fig. 5b).

Because no shell older than 5.3 ka has been dated from 
the base of the beach deposit which represents PS1, it was 
suggested that the underlying and rather wide (~5 m) ter-
race found at site 9 (Figs. 4c, 4d), which is cut into meta-
morphic rocks and Miocene carbonate dykes, is polycyclic 
(FERRANTI et alii, 2007). Therefore, the terrace could have 

Fig. 5 - Projection, on a profile parallel to the coastline, of the elevation of Late Holocene shorelines PS1 to PS4 at Capo Vaticano (a), Scilla (b), 
Capo Milazzo (c), and Capo Schisò-Taormina (d). Dots and related bars indicate the estimate and assigned uncertainty for shoreline position, 
respectively.
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been partly raised during a previous event, and any deposit 
eventually resting on it (PS0 in Table 1) would have been 
stripped off. The age of this previous event was inferred to 
be only slightly older than 5.3 ka using backward extrap-
olation of displacement curves and recurrence established 
for this site. The amount of uplift is unconstrained (ques-
tion mark in Fig. 6).

CAPO MILAZZO

Capo Milazzo forms an ~N-S striking, ~2 km wide and 
~6 km long peninsula located along the Tyrrhenian coast of 
north-eastern Sicily (Fig. 3). The headland is located with-
in the broad transcurrent deformation belt associated to 
the ATLFS (Fig. 2). RUST & KERSHAW (2000) described the 
existence of two uplifted paleoshorelines. Later on, SCICCH-
ITANO et alii (2011) mapped the shorelines at few additional 
sites and provided ages for these uplift events. Because of 
the limited extent of the promontory, these two shorelines 
appear uplifted at a constant elevation in a profile elongat-
ed parallel to the promontory (Fig. 5c).

The upper shoreline (PS1) is represented by notches, 
marine sediments, and barnacle rims. The notch is found 
at an average elevation of 2.3 m (Figs. 4e, 5c), is filled by a 
marine deposit containing shells dated between 6.4 and 4.1 
ka BP, and by pottery of Roman age (~2 ka), and is rimmed 
by a balanid band aged between 4.1 and 1.9 ka. Because 
the notch and the balanid rim lie at similar elevation, they 
are part of a single shoreline. The lower shoreline (PS2) in-
volves a notch at ~0.8 m (Fig. 4e), and a balanid rim dated 
at ~1.6 ka. 

Large (1.5 m) vertical displacement of PS1occurred be-
tween 1.9 and 1.6 ka, the bracketed ages of cessation and 
inception of the upper and lower shorelines, respectively 
(Tabs. 1, 2). A younger and lesser (~0.8 m) uplift occurred 

probably shortly after 1.6 ka. These abrupt displacements 
superimposed on the regional uplift that operated steadily 
during the last ~6 ka, yielding a cumulative uplift rate of 
~1.5 mm/y (Fig. 3).

TAORMINA-S. ALESSIO

The Taormina-S, Alessio (hereinafter Taormina for 
sake of simplicity) sector is located along the Ionian coast 
of north-eastern Sicily (Fig. 3). Several workers (STEWART 
et alii, 1997; DE GUIDI et alii, 2003; ANTONIOLI et alii, 2003; 
2006a) studied a vertical sequence of notches, lithopha-
ga boring bands and fossil organisms (algal rims, shells) 
along the steep carbonate cliff between Capo S. Alessio to 
the north and Capo Taormina to the south. These sea-level 
markers have been uplifted at this coast at a total rate of 
~2 mm/yr (Fig. 3). 

Based on leveling measurements, DE GUIDI et alii 
(2003) distinguished four notches separated by lithophaga 
bands. Elevation of the notches increases from south to 
north along a ~10 km coastal stretch (Fig. 5d), and the two 
highest of them (maximum elevation ~5.5 and ~4.5 m, re-
spectively) are tilted landwards, suggesting a local source 
of deformation. The highest total elevation reached in the 
north at Capo S. Alessio suggests that uplift could continue 
further north. Due to the lack of carbonate outcrops north-
wards Capo S. Alessio, notches were not mapped.

At Capo Taormina in the south, the two highest notch-
es, which elsewhere are spaced ~1 m apart, converge into a 
single form (Fig. 5d). Separation between the upper (PS1) 
and the lower (PS2) notch was attributed by DE GUIDI et alii 
(2003) to an earthquake occurred >5.1 ka, the upper age 
constraint for PS2 as documented by lithophaga bivalves 
boring the notch (STEWART et alii, 1997). 

In turn, PS2, which lasted until 4.4 ka (the age of  
Cladocora corals found in its biogenic rim; STEWART et alii, 
1997), was raised of ~2.5 m (Tab. 2; Fig. 4d) along the 
whole coast by a second, more severe event. The age of this 
uplift is constrained between 4.4 ka and the ~3.3 ka age of 
bivalves from a lower lithophaga band associated with a 
subjacent notch found at ~1.4 in the south and 1.8 m in the 
north. Both the lower lithophaga band and the notch are 
attributed to paleoshoreline PS3, that lasted at least until 
the 2.1 ka age of a mollusk shell found within the notch 
(ANTONIOLI et alii, 2003).

In turn, PS3 was raised of ~1 m (Tab. 2) after 1.8 ka, 
when a lowermost notch (PS4) was formed as constrained 
by the age of a vermetid crust associated to it. Finally, 
notch PS4 was uplifted to the present 0.5-0.8 m elevation 
during a last event (Tab. 2).

Overall, it appears that uplift events at this coast were 
broadly of similar size with the notable exception of the 
second one, which produced the highest recorded vertical 
displacement in the southern Calabrian Arc (Fig. 6).

CAPO SCHISÒ 

This site is located immediately south of Taormina 
(Fig. 3) and forms a volcanic headland ensuing from the 
Mt. Etna lava flows. SPAMPINATO et alii (2012) documented 
the occurrence of three Holocene paleo-shorelines raised 
at different elevations, and, by integrating their data with 
those coming from nearby Taormina, suggested ages for 

Fig. 6 - Pattern of uplift against time for individual Late Holocene 
earthquakes at the studied localities in the southern Calabrian Arc. 
Roman numerals designate the sequence of individual events at each 
locality (see Table 1).
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ancient earthquakes that displaced the shorelines along 
the whole coastal sector.

The uppermost shoreline (PS1) at Schisò is represent-
ed by a fossiliferous beach deposit at elevations of ∼5 m 
above the present sea level (Tab. 1). A gastropod shell sam-
pled from the deposit yielded an age of ~6.4 ka, possibly 
coeval with PS1 at Taormina, which lies at a similar eleva-
tion (Fig. 5d). However, the bracketed age of PS1 (6.4-3.9 
ka) at Schisò indicates that the shoreline here incorporates 
both PS1 and PS2 found to the north, and there is no in-
formation on event n. I that caused separation between the 
two highest notches at Taormina. Note that because of the 
broad age constraints, PS1 at Schisò is shown in Figure 5d 
as correlative with PS2 at Taormina. Notwithstanding, PS1 
at Schisò was uplifted of ~1.8 m possibly during the same 
large event n. II found at Taormina. It is not established 
whether previous event I at Taormina did not extend south 
to Schisò, or, more likely, its effects are not resolved in the 
shoreline record at the latter place.

The intermediate shoreline (PS2) outcrops at a max-
imum elevation of ∼3 m and is represented by algal rims, 
remnants of barnacle bands and vermetid concretions, and 
by a fossiliferous beach deposit. The algal rim has a 3.9 ka 
age, thus providing a lower bound for uplift of the super-
jacent PS1.

The lowermost shoreline (PS3) includes remnants of 
algal rims, vermetid concretions, fossil barnacle bands and 
a beachrock, and reaches an elevation of ~1.2 m (Fig. 5d). 
A serpulid rim was dated at 1.0 ka. Thus, ~1 m of displace-
ment (event II) of PS2 (Tab. 2) occurred between 3.9 (age 
of cessation of PS2) and 1.0 ka Finally, PS3 was abruptly 
displaced during a <1.0 ka event III (Tab. 2). The amount 
of uplift during this last event is not well constrained and 
ranges between 0.5-2.0 m (Tab. 2).

SPAMPINATO et alii (2012) suggested that the deforma-
tion events at Taormina and the adjacent Capo Schisò 
were synchronous, based on the overlap on their age 
uncertainties. However, the uneven uplift magnitude be-
tween the two sectors may indicate that co-seismic uplifts 
were temporally separated (question marks in Table 1 and 
Figure 5d).

ORIGIN AND CHARACTERISTICS OF THE UPLIFT EVENTS

At five sectors in the southern part of the Calabrian Arc 
(Fig. 3) the occurrence of raised Holocene shorelines has 
been documented. Since the global sea level never stood 
higher than the present day during the Late Holocene in 
southern Italy (LAMBECK et alii, 2011), the existing elevation 
of past shorelines must be attributed to coastal uplift. This 
uplift includes a steady, regional-scale component, which 
in the region is thought to occur at a rate of ~1 mm/yr  
(FERRANTI et alii, 2007; SPAMPINATO et alii, 2014), and a stick-
slip component that abruptly raised the shorelines above 
the coeval sea-level. This last occurrence is documented by 
the relative position of the ancient shorelines indicators, 
with older markers lying invariably above, and distinctly 
separated from younger ones. Because of such clear ver-
tical separation, uplift must have been rapid enough that 
coastal erosion was not able to modify or destroy the up-
lifted markers. Given the location of the sites above an ac-
tive forearc region, and the lack of different sources for 
uplifts (e. g. volcanic vents, which can be invoked only in 

part for Taormina-Capo Schisò), the abrupt uplifts are in-
terpreted to result from earthquake displacement.

Our age bracket on the uplift events has a typical un-
certainty of some 10 to 100 years (Tab. 1), which is intrin-
sic in dating techniques. This result is well comparable to 
those coming from paleoseismological trenching (GALLI et 
alii, 2008), and similarly suggest the occurrence of ancient 
earthquakes. Thus, although uncertainty does not allow to 
tightly pinpointing the age of individual uplift events, nev-
ertheless morphostratigraphic relations and available age 
controls of shorelines imply co-seismic uplifts. 

Summing up the uplifts amongst the different sec-
tors, a possible total of sixteen co-seismic uplifts that oc-
curred during the Late Holocene are recorded in the region 
(Tab. 1). The exact number depends whether co-seismic 
uplifts within adjacent domains during a limited temporal 
lag were separate or occurred simultaneously, and thus are 
duplicate events.

Our inventory has a lower age limit placed at around 6 
ka and certainly after 6.8 ka, the timing of a major inflec-
tion point of the relative sea-level (RSL) curve (LAMBECK 
et alii, 2011; ANTONIOLI et alii, 2015). Before this age span, 
no distinct paleoshoreline could have reasonably formed 
or preserved because sea-level rise outpaced the tectonic 
rate. This time of change in the RSL curve has been widely 
recognized in the Mediterranean Sea, and is independent 
of location. On the contrary, the rate of change in RSL 
does depend on location because of a different isostatic 
response to deglaciation. The southern Calabrian Arc is 
predicted to have had a RSL rise at 7.4 mm/yr between 
8-6.8 ka, at 3.1 mm/yr between 6.8-6 ka, and at 1.4 mm/yr 
between 6-2 ka; overall these rates are close to the maxi-
mum estimation for the central Mediterranean (LAMBECK et 
alii, 2011). With the Holocene cumulative uplift rate in the 
region (Fig. 3; Tab. 2) being by far lower than the rate of 
RSL rise before 6 ka, we consider a 6.5 ka age as the lower 
bound for shoreline formation. This estimate is calibrated 
against the oldest documented paleoshoreline age (Tab. 1), 
and is consistent with the regional notch database pub-
lished by BOULTON & STEWART (2015), where, apart for few 
outliers, the oldest uplifted notches in the Mediterranean 
Sea are younger than 6.5 ka. 

On this basis, we allow an arbitrary 0.5 ka minimum 
time for shoreline development, and hence assign a 6 ka 
lower age limit for our paleo-earthquakes record. This 
estimation is corroborated by published rates regarding 
notches formation based on their erosion rates (see review 
in ANTONIOLI et alii, 2015). These rates in the Mediterranean 
setting vary from 0.3 mm/yr (FURLANI & CUCCHI, 2013) up 
to 0.6 mm/yr (EVELPIDOU & PIRAZZOLI, 2016), so overall a 
0.5mm/yr seems to be a reasonable assumption. We are 
aware that a correlation of published erosion rates with 
the time duration of ancient shorelines studied here can 
be attempted when the latter are represented by notches, 
which in our case are well developed at Taormina and Mi-
lazzo only, and locally at Capo Vaticano. The oldest and 
highest notches at Taormina (PS1) have an average depth 
of ~0.3 m, and, assuming a mean development rate of ~0.5 
mm/yr, ~500 yr are needed for their formation. This esti-
mate is consistent with our minimum estimate for devel-
opment of the oldest shoreline in the region, and for the 
inception of our earthquake inventory. 

We have also computed a minimum paleoshoreline 
duration where upper and lower age constraints existed 
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(Tab. 1), in order to compare this value with an estimate 
of shoreline development. We note that in SW Calabria  
(Scilla and Capo Vaticano) this duration is strikingly sim-
ilar (1.6-1.8 ka), but paleoshorelines here are represented 
by terraced deposits and platforms, and by balanid rims. 
In northeastern Sicily, shorelines PS2 and PS3 at Taormi-
na lasted 0.6 and 1.1 ka, suggesting earthquakes displaced 
them following their complete carving. 

It appears that the amount of co-seismic deformation 
decreased during time in all sectors except for Capo Vati-
cano (Fig. 6). The reason for this similar behavior is un-
known, but it points to higher seismic strain release in the 
coastal Calabrian Arc before than after ~2 ka. We exclude 
a contribution coming from a changing sea-level to the de-
creasing vertical separation between shorelines. Actually, 
because the sea-level during the Late Holocene and histor-
ical time was rising at steadily decreasing rates compared 
to the past (LAMBECK et alii, 2011), we would expect the op-
posite result in case it had influence on the shoreline dis-
tinction, and namely that their vertical separation should 
increase with younger ages.

A cyclic recurrence of comparable time extent is par-
ticularly evident for the Calabrian sectors, where it is esti-
mated at ~1.8 ka at Scilla and Capo Vaticano (Tab. 1). In 
Sicily, the estimated recurrence is more variable. In east-
ern Sicily, the time lag between events ranges from 1-1.3 
ka to ~1.7-1.9 ka. This double class of estimates probably 
reflects different earthquake sizes (or their effects on the 
coast). As an instance, event n. II at Taormina, which could 
possibly incorporate event n. I at Schisò was significantly 
larger than the other ones at this coast, and thus it could 
have given rise to a longer (1.9 ka) recurrence afterward 
(Fig. 6). Oppositely, the following event III at Taormina 
had a lesser uplift amount and thus recurrence was short-
er (1.0 ka).

DISCUSSION 

EARTHQUAKE CLUSTERS

When the age of the co-seismic uplift events is plotted 
on a diagram displaying the location of individual sectors 
along the extent of the Calabrian Arc (Fig. 7), an intrigu-
ing temporal and spatial pattern emerges. Specifically, the 
ancient earthquakes appear clustered within relatively 
narrow temporal intervals separated by longer quiescence 
periods (Tab. 3). For the aim of this discussion, we have 
included in Figure 7 historical events with macroseismic 
magnitude M≥6 occurred offshore or at the coast of the 
study region from the CFTI4Med (GUIDOBONI et alii, 2007) 
and CPTI catalogues (CPTI15, 2016). We have also includ-
ed trench data from the Cittanova fault (Fig. 2) provided by 
GALLI & BOSI (2002) and GALLI & PERONACE (2015).

A first temporal cluster (n. 1) is envisaged at ~5.7-5.3 
ka (Figs. 7, 8a). In Calabria, this cluster includes event n. 
I (5.7-5.5 ka) at Capo Vaticano and an inferred event at 
Scilla prior to 5.3 ka. Because this latter event is based on 
the existence of a polycyclic wave-cut terrace, but it is not 
documented by aged shoreline markers, we place a ~6 ka 
lower bound on it based on the statement about timing of 
Late Holocene paleoshorelines formation discussed in sec-
tion 4. Assuming that the size of this event was comparable 
to that of younger ones, extrapolation of recurrence time 

established for later events yields a preferred age of 5.5 ka 
(Tab. 1). A displacement event recovered in trench from 
the Cittanova fault likely falls within this cluster (Fig. 7).

In Sicily, the oldest documented event at Taormina is 
the one that duplicated the uppermost notch before 5.1 ka. 
We place a conservative lower age bound for this event at 
~6 ka with a ~5.6 ka preferred age (Fig. 7). Note that uplift 
could have also occurred at Schisò, but it has not been re-
solved there, and event I at this location spans the bracket-
ed duration of both events I and II at Taormina. This is why 
we have assigned event I at Schisò a preferred age younger 
than the error bar mid-point (Fig. 7) and correlated it to a 
later cluster. In summary, cluster 1 possibly lasted an ~400 
year interval between ~5.7-5.3 ka (Tab. 3).

Later on, two nearly coeval uplift events are well re-
solved at Capo Vaticano (3.9-3.5 ka) and Scilla (3.7 ka) dur-
ing a second earthquake cluster (Figs. 7, 8b). Compared 
to the previous one, age constraints for this second clus-
ter are tighter. There is however, no record of slip on the 
Cittanova fault. In Sicily, paleoshoreline displacement oc-
curred at Capo Schisò and Taormina during a major earth-
quake that, by combining ages from the two sites, may be 
bracketed at 4.4-3.9 ka (SPAMPINATO et alii, 2012). However, 
as pointed out above, there is the possibility that uplifts at 
Taormina and Schisò occurred during two separate, but 
nearly coeval events. Within uncertainty, based on the pre-
ferred age of events this second earthquake cascade could 
have only lasted 500 years from 4.2-3.7 ka.

There is an apparent ~1.6 ka time lag between clusters 
2 and 3 when no earthquake is recorded by raised shore-
lines (Fig. 7). Cluster 3 involves an almost coeval shoreline 
displacement in the whole region (Fig. 8c). In southern Ca-
labria, two earthquakes occurred near simultaneously at 
~1.9 ka at Capo Vaticano and Scilla. It is possible that also 
the M=6.2, 91 B.C. and the 361 A.D. earthquakes that hit 
the Messina Strait (Fig. 2) belong to this “coastal” cluster 
(although GALLI & BOSI (2002) and GALLI & PERONACE (2015) 
relate the latter earthquake, to which an ~374 A.D. age is 
assigned, to the onland Cittanova fault, Fig. 7). 

In Sicily, shoreline displacement is documented at 
Taormina (event III) between 2.1-1.8 ka, nearly coeval with 
co-seismic coastal uplifts in southern Calabria. The age 
of event II at Schisò has a large uncertainty but it could 
fall within this cluster; it could correspond to event III at 
Taormina or be a separate event. At Capo Milazzo, a broad-
ly coeval event is bracketed at 1.9-1.6 ka. Thus, also this 
third cluster may have a duration of 500 years between 2.1 
and 1.6 ka (Tab. 3).

Cluster 4 is separated from the previous one by a lim-
ited time lag of ~500 years (Fig. 6). We have placed an up-
per age limit on this last earthquake group by considering 
the completeness interval for the M~6.5-7 magnitude class, 
which for southern Calabria and eastern Sicily is thought 
to be ~600 years or shortly less (STUCCHI et alii, 2004). The 
limiting age bar means that seismic uplift events docu-
mented by raised shorelines, if occurred in the last ~600 
years, should match earthquakes listed in the historical 
catalogues. 

In southern Calabria, a seismic uplift event is con-
strained at Capo Vaticano to be younger than 1.9 ka, 
whereas there is no evidence of uplift at Scilla (Fig. 7). This 
event (n. IV) is the largest among those recorded at Capo 
Vaticano (Fig. 6), and in principle could be related to the 
M=6.7 1905 earthquake that struck this area and was likely 
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generated offshore (Fig. 2; PIATANESI & TINTI, 2002; CUCCI 
& TERTULLIANI, 2010; CPTI15, 2016). Because there is no 
report of coastal uplift during the 1905 earthquake, event 
IV at Capo Vaticano is assigned to cluster 4 because of the 
completeness threshold. 

In the Messina Strait, we include in cluster 4 the 
M=6.2, 853 A. D. earthquake, whose epicenter, although 
poorly located, is placed in the CPTI catalog at sea close to 
the Sicily side of the strait (Figs. 2, 7, 8d). In eastern Sicily, 
three uplift events are recorded at Capo Milazzo (n. II), 
Taormina (n. IV) and Schisò (n. III), respectively (Fig. 7). 
In these sectors no strong earthquake is on record in the 
historical catalogue after ~1000 A.D. (CPTI15, 2016), with 
the exception of the M=6.2, 1786 earthquake whose mac-
roseismic epicenter is located ~20 km southwest of Capo 
Milazzo (Fig. 2). Because of the large distance, we regard 

the attribution of event II at Capo Milazzo to the 1786 
earthquake as unrealistic. Event IV at Taormina was re-
lated by DE GUIDI et alii, (2003) to the 853 A.D. earthquake. 
However, the epicentral area of this earthquake lies ~40 km 
north of Taormina-S. Alessio (Figs. 2, 8d) and thus the at-
tribution is weak. Notwithstanding, the 853 earthquake is 
placed within cluster 4, which, given uncertainty, occurred 
between 1.1-0.6 ka.

CLUSTER RECURRENCE

The earthquake clusters defined here involved, within 
a time span of few hundred years, nearly all the abrupt 
coastal uplifts observed in southern Calabria and north-
eastern Sicily (Figs. 7, 8a to 8d). Overall, the earthquake 

Fig. 7 - Time distribution of ancient earthquakes detected from coastal uplifts along a schematic transect from northeastern Sicily to southern 
Calabria. Dots and related bars indicate the preferred and bracketed age of seismic events, respectively. The numbered (1-4) horizontal grey 
bands span the duration of the inferred earthquake clusters in the region. Arabic numerals designate the sequence of individual events at each 
locality (see Table 1).
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clusters took four intervals of ~500 years to be complet-
ed (Tab. 3), although there are large uncertainties on their 
precise timing. Notwithstanding, the estimated duration 
of these ancient clusters is consistent with the ~300 years 
time bracket of the apparently clustered historical seis-
mic release in Calabria (JACQUES et alii, 2001; GALLI & BOSI, 
2002).

Table 3 shows that the time lag between older clus-
ters (1-2 and 2-3) is substantially larger (1.1-1.6 kyr) than 
that (0.5 kyr) between the more recent ones (3-4). We sug-
gest that this difference is related to a regional variation 
in energy release, as suggested by the decreasing extent 
of uplift in more recent times (Fig. 6). The second cluster 
is associated to the largest uplift events at Scilla, Schisò, 

Fig. 8 - Space-time pattern of earthquake clusters in the southern Calabrian Arc, showing ages and amount of seismic uplift of individual earth-
quakes.
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and Taormina (Fig. 6, Tab. 1), and a 1.6 ka quiescence time 
before the following cluster (Tab. 3) is conceivable. Basi-
cally, the 1.6 ka time lag is dictated by the recurrence of the 
large earthquakes occurred all over the region during the 
second cluster, and perhaps this reasoning applies to the 
substantial lag (1.1 ka) between clusters 1 and 2 as well. 
On the contrary, the magnitude of coastal uplift during the 
third cluster was minor (Fig. 6), and thus the time lag for 
the following fourth earthquake cluster was lesser (0.5 ka). 

OPEN ISSUES IN DEFINING SEISMOGENIC SOURCES

The seismogenic structures responsible for abrupt 
coastal uplifts are not yet defined because they lie mostly 
offshore. Shoreline displacement was tentatively attributed 
to uplift in the footwall of normal faults (DE GUIDI et alii, 
2003; FERRANTI et alii, 2007; 2008; SPAMPINATO et alii, 2012). 
However, this interpretation faces the discrepancy that ob-
served individual uplifts appear in most cases too large (Tab. 
2) for typical extensional earthquakes, where ratios of hang-
ing–wall subsidence to footwall uplift ranges between 1:1 
and 1:10, and are mostly observed in the lower range (KING 
et alii, 1988; ARMIJO et alii, 1996; PAPANIKOLAOU et alii, 2010).

Under the view that the coastal uplifts are due to nor-
mal faulting, the hanging-wall subsidence would be missed 
in the coastal record. In fact, local faulting subsidence can 
be observed only when the effect of regional uplift prevails, 
and this can be only appreciated at the long-term (100-
1000 ka) time span (VALENSISE & PANTOSTI, 1992; ROBERTS at 
alii, 2013). Because the Late Holocene sea-level rise (LAM-
BECK et alii, 2011) was broadly equal to the regional up-
lift rate (FERRANTI et alii, 2007), coastal sectors away from 
active faults are predicted to show no uplifted Holocene 
shorelines. On the other hand, sectors within and paral-
lel to a normal fault would be characterized by uplifted 
or down-lifted (beneath the sea level) Holocene shorelines 
depending whether they reside in the footwall or hang-
ing-wall block, respectively. The observation of uplifted 
shorelines in the sectors studied here indicate that, in 
the scenario that uplift is due to displacement on normal 
faults, the cost must reside in their footwall.

Within an extensional context scenario, a possible ex-
planation of the large shoreline footwall throw per event 

would invoke that it does not result from a single coseismic 
displacement. Rather, it could be the sum of several events 
closely spaced in time, e. g. at the ≤100 yr scale that is the 
detection threshold of ages uncertainty. These earthquake 
sub-clusters have been proposed as an explanation for ap-
parent large displacements of coastal notches in the foot-
wall blocks of known normal faults (BOULTON & STEWART, 
2015, and references therein). Recently, the use of Terres-
trial Laser Scanner (TLS- t-LiDAR), that offers very high 
spatial resolution, has demonstrated the existence of ad-
ditional and morphologically subdue notches in between 
well-developed notches that are separated of ~1 m in the 
Gulf of Corinth, suggesting the observed uplift is the sum 
of multiple individual earthquakes (SCHNEIDERWIND et alii, 
2017). Because of their lower vertical separation, some of 
these minor notches may have a locally inverted chrono-
logical order.

In the Calabrian Arc, the possibility that the observed 
shoreline separation results from several clustered events 
at sub-centennial scale should be tested using high-reso-
lution measurement techniques. However, the displaced 
markers (balanid rims, loose coastal deposits) mostly 
found in the study region have a lower degree of preserva-
tion compared to notches, and thus only those displaced 
at sufficiently high elevation by the summed earthquake 
displacements invoked in this model could have escaped 
the ensuing destruction by the sea-waves. Thus, with the 
existing uncertainty in dating and in positioning of the pa-
leoshorelines, displacements of few decimetres, separated 
of some to several years to decades, can hardly be recog-
nized. In this tectonic scenario, only the uppermost part of 
a shoreline, which should have been uplifted after a long-
enough time span between seismic clusters, would be rec-
ognized and dated, and would invariably yield an age older 
than the immediately underlying shoreline.

An alternative view may hold that the large coast-
line displacements are due to thrust earthquakes related 
to subduction processes, as occurs at Crete (SHAW et alii, 
2008). Because the subduction interface between the Af-
rican margin and the European plate lies ~100 km off the 
site of coastal uplift at Crete, SHAW et alii (2008) suggested 
that the structure responsible for uplift is a synthetic thrust 
fault in the overriding plate positioned close beneath the 
island.

In the Ionian subduction zone, aseismic motion may 
still be occurring at the toe of the accretionary prism ~300 
km SE of Calabria, but active and possibly seismogenic 
displacement has been proposed on thrust faults within 
the accretionary wedge (POLONIA et alii, 2011) ~100-150 
km off the shore (Fig. 1). Hypocentral depth distribution 
of deep seismicity indicate that the subduction interface 
lies at ~30-40 km depth beneath the Tyrrhenian side of Ca-
labria, before turning into the top of a very steep Benioff 
zone under the Tyrrhenian Sea (Fig. 1; NERI et alii, 2012). 
In this frame, synthetic and antithetic thrust faults akin to 
the Crete subduction could be present in the deep crust of 
Calabria above the Ionian slab.

Within this second scenario, some of the earthquake 
uplifts illustrated here could be duplicate events. Because 
the temporal resolution of dating is not enough adequate 
to handle broadly coeval events within distinct coastal sec-
tors as separate events, the possibility exist that thrusting 
events that could be M>7.0 can significantly expand uplift 
over a larger area. Further constraints on the age of uplifts, 

TABLE 3

Time characteristics of Late Holocene earthquake clusters 
in the southern Calabrian Arc.

Cluster n. 
time span 

(kyr)

duration 

(yr)

time lag 

(yr)

4 1.1-0.6 500 500

3 2.1-1.6 500 1600

2 4.2-3.7 500 1100

1 5.7-5.3 400 -
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as well as incorporation of geophysical datasets and mod-
elling, is deemed to test this hypothesis. 

CONCLUSIONS

Abrupt shoreline displacement related to ancient earth-
quakes occurred during the Late Holocene in the southern 
Calabrian Arc and permits to extend back in time the pale-
oseismological record for the region. Although significant 
uncertainties exist on the age of many events, they appear 
to be clustered during limited time intervals of few hun-
dred years when several faults were probably activated in 
a cascade fashion. Four of these clusters are tracked in the 
last ~6 ka and are separated by ~500-1500 years periods of 
seismic quiescence.

Although previously attributed to co-seismic uplifts in 
the footwall of offshore normal faults, the throw per events 
appear too large to be caused by individual extensional 
earthquakes. A possible explanation would invoke tempo-
rally clustered (10 to 100 years) extensional ruptures, whose 
effects would be summed and not distinguishable in the 
shoreline record. Alternatively, these coastal uplifts might 
hinder the existence of an active thrust system occurring 
at lower crustal depth in the overriding plate of the Ionian 
subduction zone. Because attribution of the coastal uplifts 
studied here to (clusters of) extensional earthquakes would 
require the too fortuitous location of normal faults close to 
the coast of southern Calabria and Sicily, we regard Holo-
cene displacements on thrust systems, possibly synthetic to 
the Ionian subduction front, as a viable explanation.

The possible existence of active thrusts at depth does 
not prevent activity of other type of faults in the overrid-
ing plate. No Holocene coseismic coastal uplifts are docu-
mented in the Messina Straits between Sicily and Calabria, 
and yet extensional historical earthquakes are recorded. 
Field and trench data document Holocene and historical 
ruptures on the Cittanova normal fault in between sites 
of coastal uplifts. All in all, the coupled shoreline uplift, 
trench offset, and seismicity datasets may record the joint 
activity of thrust and extensional faults.
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