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Calabria is one of the most complex geological regions of the Mediterranean basin, which experienced large
earthquakes anduplift and is still undergoing active tectonics. Along its coasts are located archaeological sites
that can be used as powerful indicators of the relative vertical movements between land and sea since their
construction. This paper presents and discusses data on the relative sea-level change as estimated from
maritime archaeological indicators of the last w2.0 ka BP existing along the Tyrrhenian coast of Briatico.
These sites still show the remnants of a Roman age fish tank and a submerged breakwater about 320m long.

The palaeo sea level has been obtained measuring the functional elevation of the significant archaeo-
logical markers. Their elevationwas compared against the latest predicted sea level curve for the Holocene
along the Tyrrhenian coast of Calabria. As this coastal area is affected by significant and continuous vertical
tectonic uplift during Pleistocene, the data show the counterbalance between coastal uplift and relative sea
level change caused by the glacio-hydro-isostasy, acting since the construction of these archaeological
sites. The sum of these movements determined an about null relative sea level change for this location.
These data are in contrast with other part of the tectonically stable areas of theMediterranean and provide
evidence that crustal uplift continued in the last 1806 � 50 y at a rate of 0.65 mm/y.

� 2012 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

Past sea levels are represented along the large part of the Earth’s
coasts from geomorphological indicators produced by the sea level
stands during the interglacial periods. The Mediterranean coastlines
during the Pleistocene were often displaced at various elevations,
providing indications on sea level changes and tectonic activity
(Pirazzoli, 1976). In Italy, this evidence can be found along most of
the coasts, and particularly in southern Calabria, which is among one
of themost seismic area of theMediterranean (Antonioli et al., 2006,
2007; Ferranti et al., 2007; 2010). During the last decade, multidis-
ciplinary surveys in coastal archaeological sites of theMediterranean
have allowed the estimation of the timing and trends of the vertical
movements of the Earth’s crust and the relative sea level changes
since the late Holocene. Archaeological data as indicators of relative
sea level change have been used since the 1970s (Flemming, 1969;
Schmiedt, 1974; Flemming and Webb, 1986), to study the coasts of
theMediterranean settled by Romans or pre-roman civilizations that
).

nd INQUA. All rights reserved.
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built villas, harbors, piers and fish tanks. Recently, the integration of
altimetric observations obtained in these classes of archaeological
sites, with geological data and geophysical modeling has allowed the
temporal and spatial reconstruction of the size and trends of the
movements (Lambeck et al., 2004b). Sea level change along the
coasts of the Mediterranean depends on the sum of eustatic, glacio-
hydro-isostatic and tectonics (Lambeck and Purcell, 2005). The first
one is mainly driven by climate changes and is time-dependent,
while the latter two can also change in space and may vary from
location. The glacio-hydro-isostatic component has been recently
predicted and comparedwith direct observational data in deforming
zones, after the Last Glacial Maximum (LGM) (Lambeck et al., 2004b,
2011; Antonioli et al., 2007; Anzidei et al., 2011b).

As the coasts of the Mediterranean are particularly rich in
archaeological sites, there is the opportunity to obtain significant
data for this study from maritime structures that nowadays are
often submerged or emerged, even up to several m below or above
the present sea level (Schmiedt, 1974; Pirazzoli, 1976, 1996;
Flemming and Webb, 1986; Anzidei et al., 2003, 2011a, 2011b;
Tallarico et al., 2003; Lambeck et al., 2004a, 2004b; Fouache and
Pavlopoulos, 2005; Antonioli et al., 2007; Desruelles et al., 2009;
Brückner et al., 2010).
l tectonic uplift at Briatico (Calabria, Italy) inferred from Roman age
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The presence of these archaeological indicators, located along the
Tyrrhenian coast of Calabria, between the mouth of Trainiti creek
and Briatico, allow estimation of the relative sea level changes and
the vertical motion of the land over the last 2 ka in this area. This
paper discusses data from these sites and the comparison of their
elevations with the predicted sea level curves, calibrated at 40 sites
in Italy (Lambeck et al., 2011) and, with the long term tectonic rates
inferred from the elevation of the Quaternary marine terraces that
are uplifted up to hundreds of metres in this area.

2. Geology and tectonics

The Calabrian arc is made up by Mesozoic and Cenozoic meta-
morphic and sedimentary units. Above these units are deposits
aged from Miocene to Holocene. The extensional tectonics that
have driven the geodynamics of the Calabrian arc since the late
Pliocene have produced high and low structures, NW-SE and NE-SE
trending. The northern sector of the arc (Fig. 1) shows, fromwest to
east, the high of Capo Vaticano, the Mesima basin and the Serre
relief, all bordered by transversal faults (Bianca et al., 2011).

The tectonics of this region are induced by the large scale move-
ments of the African and Eurasianplates, that have produced regional
uplift originated by re-equilibrium of isostatic movements
(Westaway,1990), crustal thickening (Ghisetti,1981), or the intrusion
of an astenospheric hot body between the mantle and the crust
(Miyauchi et al., 1994). Uplift and extension have been interpreted as
a response to slab retreat underneath the Calabrian arc and subse-
quent astenospheric flow resulting from slab detachment
(Westaway, 1993; Wortel and Spakman, 2000; Goes et al., 2004) or
supported by astenosphere wedging beneath the decoupled crust
(Locardi andNicolich,1988;Miyauchi et al.,1994;GvirtzmanandNur,
1999; Doglioni et al., 2001). The consequence of the uplift in this
region is the occurrence of Pliocene-Pleistocene marine sequences
with terraces placedup to1200mabove sea level (Ferranti et al., 2010
and references therein).

In the investigated area, between Vibo Valentia Marina and
Briatico, the tectonic unit of Capo Vaticano is exposed (Tortorici et al.,
2003). This is a structural NE-SW trending high, bordered toward the
Fig. 1. The MIS 5.5 terrace (green line with elevation in meters) and the main faults at
Capo Vaticano promontory (from Miyauchi et al., 1994). Numbered blue squares are
1) the location of the Scoglio Galera fish tank and 2) the pier at the mouth of Trainiti
creek. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Please cite this article in press as: Anzidei, M., et al., Evidence of vertica
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SE by the Mesima basin, two main NW-SE trending antithetic faults
(Mileto fault), in SSW by the Coccorino and Nicotera faults with
WNW-ESE trends, and toward N-NW by a fault system, down-lifted
northward (Fig. 1). Tortorici et al. (2003) found in the area of
Briatico a typical morphological aspect of a bridge zone, placed
between two fault planes (Ghisetti, 1979).

The current elevation of the Pleistocene marine terraces allowed
estimation of the vertical tectonic rates in this area (Ferranti et al.,
2006, 2010). These outcrops, which are approximately homoge-
neously distributed, show significant height differences
(i.e. Salmoiraghi, 1884; Cosentino and Gliozzi, 1988; Carobene and
Dai Prà, 1990; Anselmi et al., 1992; Miyauchi et al., 1994; Bordoni
and Valensise, 1998; Bianca et al., 2011). Ferranti et al. (2006) spec-
ulated that the large uplift values recorded by the Calabria-
Peloritano arc can be related to the general uplift of the litho-
sphere above a subducting plate.

Miyauchi et al. (1994) observed along the Tyrrhenian coast of
southern Calabria twelve orders of Pleistocene terraces up to 1350m
above sea level. Among the areaswhere uplift is greater (Monte Poro,
Le Serre and Aspromonte), the zone of Capo Vaticano promontory
shows a large differential uplift. Here, the Tyrrhenian terrace of MIS
5.5 is at about 50 m above sea level near Vibo Valentia. At Capo
Vaticano, it is up to 120m above sea level, a difference of about 70 m
(Fig. 2), in contrast with the recent ages published by Tortorici et al.
(2003) who found an elevation even up to 285 m in this area.

Fig. 2 shows the seismicity of the Calabrian region according to
the database of the Seismic Network of Calabria University. In black
are plotted the events withmL� 2.5 and focal depth to 50 km in the
period 1981e2011 (Barberi et al., 2004). Red void squares indicate
macroseismic epicentres of historical earthquakes in Calabria with
I0 � VIII MCS from CPTI catalogue (CPTI Working Group, 2004). The
inset shows a compilation of fault plane solutions for earthquakes
shallower than 50 km in the Calabrian area and mL � 2.8, obtained
by the combination of: a) the EMMA database by Vannucci et al.
(2004); b) the Global and Italian CMT Catalogs (http://www.
globalcmt.org/; Pondrelli et al., 2006); c) original computations
performed in the framework of the SyNaRMa Interreg IIIB Project
(Guerra, 2007) using the FPFIT algorithm by Reasenberg and
Oppenheimer (1985); d) specific papers published more recently
(e.g. D’Amico et al., 2010; D’Amico et al., 2011).

In historical times, the city of Vibo Valentiawas destroyed by the
catastrophic earthquake (m ¼ 7.0, I0 ¼ XI MCS) of September 8th,
1905. The location of the source of this shock, and consequently the
identification of the major tectonic structure from which it was
generated, is still debated since Mercalli (1906) and Baratta (1906).
Several authors have studied more recently or are presently
studying the problem, by using different approaches (e.g. Piatanesi
and Tinti, 2002; CPTI Working Group, 2004; Michelini et al., 2005;
Loreto et al., 2011), but a sound solution has not yet been reached.

The Capo Vaticano promontory and its surrounding sea are
characterized by a very low level of surface seismicity (Chiarabba
et al., 2005). On the basis of the knowledge of the historical seis-
micity and of the instrumental data for the last decades, the existence
of coseismic differential displacements between different domains
inside the Monte Poro complex in historical times can be excluded.

3. Materials and method

Between Vibo Valentia marina, at themouth of the Trainiti creek
and the village of Briatico, are located two archaeological structures
of Roman age (Fig. 1). The first is represented by a breakwater built
at the mouth of Trainiti creek near Porto Salvo village (Fig. 3a, b).
The second is a fish tank, excavated on the Scoglio Galera, a small
rocky islet near the small village of Santa Irene (Briatico) (Figs. 4a
and 5a, b). With the goal to estimate the vertical motion of the
l tectonic uplift at Briatico (Calabria, Italy) inferred from Roman age
:10.1016/j.quaint.2012.01.019
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Fig. 2. Seismicity of Calabria. See text for description. Red squares are the epicentres
of the historical earthquake (size is proportional to Magnitude). The locations of the
1905 earthquake are from: 1 ¼ Rizzo (1907), 2 ¼ Riuscetti and Schick (1974);
3 ¼ Camassi and Stucchi (1997), 4 ¼ Michelini et al. (2005). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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land and the relative sea level changes along this coast, these
archaeological sites were analyzed, taking into account their former
use and the functional elevations, following the guidelines
described in Lambeck et al. (2004b).

To account for tides that can affect the measurements of the
elevation of the archaeological markers, observational data have
been reduced for tide values at the time of surveys, using tidal data
from the nearest tide gauge stations of ISPRA (http://www.
mareografico.it/). The time series of the near tide gauge data of
Reggio Calabria was analyzed to estimate the sea level trend and the
tidal range for this area. To account for the long term vertical land
movements, the elevation of the inner margin of the marine terrace
of MIS 5.5 (Miyauchi et al., 1994) was used. The normal elevation of
the MIS 5.5 is 7 m for tectonically stable areas, but in the vicinity of
the Scoglio Galera it is at 65 m above sea level, thus indicating
amarked uplift of this area (Miyauchi et al.,1994; Ferranti et al., 2010
and references therein).

Data included a terrestrial and marine topographic survey. The
latter was performed by a single beam survey, across the pier and
Please cite this article in press as: Anzidei, M., et al., Evidence of vertica
maritime archaeological indicators, Quaternary International (2012), doi:
around the fish tank of Scoglio Galera, to get an overview of the
morphology of the seafloor, to help in interpretation (Fig. 4).

3.1. Bathymetric and topographic surveys

Bathymetric and topographic data were collected during two
distinct surveys, using the Differential Global Positioning System
technique (DGPS). Data allowed producing an accurate bathymetric
and topographic map of the investigated area. This method is
normally used to perform rapid and accurate bathymetric surveys
in very shallow waters where conventional surveys performed
from large boats cannot be carried out (Anzidei, 2000).

The topography of Scoglio Galera was obtained using two DGPS
Trimble 4000ssi receivers equipped with radio modems and col-
lecting data at 1 s sampling rate (Fig. 4). The reference station was
located on a benchmark previously established on the islet while
the rover was moved along defined paths. Bathymetry was ob-
tained using two DGPS receivers: one located on the Scoglio Galera
while the second was installed on a small boat and connected to an
echo sounder and navigation software running on a portable
Personal Computer (Fig. 4). The GPS antenna of the rover receiver
and the echo sounder transducer were mounted at the ends of
a rigid pole, which was installed on the right side of the boat. The
latter was sailing at a constant speed of 2 knots during surveys.
Positioning data were collected by GPS Novatel receivers equipped
with an Omnistar correction system, while depth measurements
used an Odom echo sounder (standard accuracy of 0.5%� 1 cm). All
data were collected at 1 s sampling rate. At the beginning of the
survey a calibration of the transducer was performed, and sound
speed values were estimated and applied during data analysis. Tidal
corrections were neglected due to the small values of tide ampli-
tudes during surveys (�15 cm) and depths were measured with
respect to the instantaneous sea level. During data analysis, the
noise due to pitch and roll of the boat were removed to correct the
observations.

The final accuracy of each planar coordinate collected along the
routes was�30 cm. Seafloor coordinates and depths were computed
and converted in an ASCII file suitable to be managed by numerical
and graphic software. Data were collected along w8 nautical miles
and were used to construct several cross sections and a Marine
Digital Terrain Model of the sea bottom. Bathymetric data were also
combined with the topographic data provided by the terrestrial GPS
survey on the islet and with the available digital aerial images,
providing valuable information on the overall morphology of the
area. Fig. 3b show the area of the pier at the mouth of Trainiti and
Fig. 4 is the plot of the MDTM for the Scoglio Galera. The Marine
Digital Terrain Models and the Digital Terrain Models were
computed by the triangulation interpolation method.

3.2. Piers at the mouth of the Trainiti creek

This archaeological site consists of a submerged structure,
approximately rectangular in shape, about 320m long and 40mwide
(Fig. 3a, b). It extends NW-SE (330� N), oblique with respect to the
coastline towhich is connected. Another smallerwingwaspreviously
found by Mariottini (2001), but it was not found during these
investigations. Both wings formed a typical harbor entrance named
faucies, by their position suitable to protect an inner harbor. These
structures can be interpreted as offshore breakwaters pertaining to
a large harbor, likely belonging to the ancient port of Hipponion/
Valentia, which presently is completely buried by coastal sediments
(Schmiedt, 1966).

The structurewas built with large blocks of concrete that contain
several fragments of amphorae dated to Roman age (2 ka BP). The
constructional features of the main wing show at least three
l tectonic uplift at Briatico (Calabria, Italy) inferred from Roman age
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Fig. 3. a) Aerial view of the pier at the mouth of Trainini creek (image from Google Earth, http://www.earth.google.com); b) bathymetric map across the pier (see color scale for depth
values), c) cross section of the seafloor across the pier. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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homogenous building sectors of: i) strongly cemented material
containing abundant fragments of archaeological remains, ii) dis-
solved material, with poor archaeological remains and finally,
iii) breakwater material, with elements partially built but without
archaeological material.

The surface of the structure is rough, and its base follows the
irregular topography of the seafloor, which is tilted toward offshore.
It begins from the shore at an elevation of �1 m and extends
offshore up to �9 m at its end. The surface of this structure was
likely covered by pavements, now destroyed. Similar structures are
found in other areas of the Mediterranean settled since Roman or
pre-roman times, such as at Tharros, in Sardinia (Melis, 1998).

Previous geomorphological and palaeogeographical studies
determined that this area suffered from significant changes of the
coastline, which have caused the modification of the coastal plain
Please cite this article in press as: Anzidei, M., et al., Evidence of vertica
maritime archaeological indicators, Quaternary International (2012), doi
that evolved toward a coastal environment with marshes and
lagoons, separated by the sea from sand dunes (Lacquaniti, 1952;
Cucarzi et al., 1995). Hence, this transitional zone underwent
continuous flooding and silting caused by the Trainiti and S. Anna
creeks (Medici and Principi, 1939; D’Alessandro et al., 1987). The
progradation of the coastline and its timing is confirmed by Cucarzi
et al. (1995) from the migration toward north of several phases of
human settlements.

The old topographic maps of the Italian Istituto Geografico Mil-
itare (IGMI) show some ruins that could match the ancient harbor
structures as reported in XVIII century by Priest Fiore. The
description made by G. Schmiedt (1966) is the same as left by Fiore
in 1680, when the harbour was “destroyed under the order by the
Roman pope to give to the barbarians a poorhouse” and that this
harbour was “built with cut stones from the ancient inhabitants of
l tectonic uplift at Briatico (Calabria, Italy) inferred from Roman age
:10.1016/j.quaint.2012.01.019
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Fig. 4. Bathymetry and topography of Scoglio Galera (see color scale for depth values). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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Hipponion, in a shape similar to a bended arm”, in a time when most
of its parts could still be seen.

Schmiedt (1966) cites previous descriptions “Even today in the
low and calm tide can be observed large remains of a big construction
composed by very large blocks with arches and pillars of concrete and
even the moorings to tie ships” and ”the Harbour of Hipponium was
placed in the bay in front of the castle of Bivona, at that time partly in
a lagoon and connected with sea; near the shore of the lagoon there
were large squared pillars built with bricks, distributed in regular
intervals, that were outcropping from the sand and likely holding
arcades circling the whole harbor”.

Schmiedt himself (1966) observes that "on the shore, in the same
zone indicated by the aerial photographs, are present structures built
with bricks that seem to be ancient,. it is not an hazard to collocate
the ancient basin of the harbour of Hipponium in the bay where
a lagoon was existent in the previous century”.

All these information support the hypothesis that during the
Roman time the current coastal plainwas the site of the ancient port.
The submerged structures, in particular those placed at themouth of
Trainiti creek, are likely part of the ancient Harbour which had two
entrances: the first at the mouth of Trainiti creek, and the second in
the eastern side of the lagoon. The underwater structure can be
interpreted as a system to facilitate the outflow of the debris trans-
ported by creeks that exit in the basin, preventing its progressive
infilling.

3.3. Scoglio Galera

Scoglio Galera is located near the village of Briatico, about 100m
distant from the coast. It is w120 m long and w40 m wide,
extending east-west (Figs. 4 and 5a, b). This small islet was known
from historical tradition to be used by Arabs to jail the Christians,
sinking them in the pools.

Recently, marine archaeologists classified this site as a fish tank
and a fish processing plant (Mariottini, 2001). The islet was exca-
vated and cut at its surface, thanks to the softness of the bio-
marlstone and limestone of Miocene age (Fig. 5c).

Along the NNW side of the islet, which is the most exposed to the
sea, the remnant of a wall and traces of the formworks used for the
Please cite this article in press as: Anzidei, M., et al., Evidence of vertica
maritime archaeological indicators, Quaternary International (2012), doi:
concrete, are still present. The fish tank consists of four nearby pools,
E-W aligned, that follow the natural morphology of the islet (Fig. 5c,
d, e). The pools have a total length of about 28 m and a constant
width of 2.5 m. The two main pools are subdivided into minor pools
and their inner walls show some holes atw1 m above sea level, that
were likely used to host horizontal wooden beams and a roof. The
pools are crossed by two main channels, A and B, which link the
inner basin with the open sea (Fig. 5b, e). The latter is protected and
suitable for themoorings of ships. In particular, channel B crosses the
islets by a tunnel. Two additional minor channels, C and D, connect
the pools 2 and 3with the inner basin. The pools are all connected by
channels and separated by partition sects (Fig. 5c, d).

All the channels show the signs of the grooves used to operate the
sluice gates, similar to those found in the fish tanks along the Tyr-
rhenian coasts of central Italy and other localities (Lambeck et al.,
2004b; Anzidei et al., 2011b). These were used to provide an effec-
tive water exchange in the basin but without letting the fish escape.
The inner side of the basin shows i) the crepidini, narrow sidewalks
used to walk around the pools without getting wet, ii) the surface of
a dock, and iii) ten bollards of different size, all rock cut in the islet.
The inner side of the pools show a present day notch about 40 cm
high and 30e60 cm deep. Its lower part shows an organic platform
typical of environments at high hydrodynamics, which is in agree-
ment with the amplitude of the local tides (Fig. 5c, d, e).

The underwater part of the islet, particularly inside the mooring
basin, shows a selective erosion process, acting in coincidence with
the different level of local stratigraphy, separated each other by
40 cm (Fig. 5f). The surface of the islet shows an additional squared
small pool of w1.5 � 1.5 m in width, crossed by a channel without
sluice gates.

The geology of Scoglio Galera belongs to the outer limits of the
youngest marine terrace of Upper Pleistocene (Miyauchi et al.,
1994) that is exposed between 0 and 30 m above sea level. It
consists of littoral deposits formed by alternating clastic facies
with variable size of strongly cemented conglomerates, sands and
bio-limestone. The thickness of the strata ranges from 20 to
250 cm and those aligned N 260�e290� are tilted 10�e15� toward
NNE. The thickness of the bio-limestones is about 200 cm in the
islet.
l tectonic uplift at Briatico (Calabria, Italy) inferred from Roman age
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Fig. 5. a) Aerial view of the Scoglio Galera and b) its topographic map (modified from Mariottini, 2001) c) the pools of the fish tanks and d) their partition sects and the erosion
notch. Below the sects run the channels that link the nearby pools. e) Particular of the Scoglio Galera: Black dots are the bollards excavated in the rock; pools are numbered 1e5; the
main (A, B) and secondary (C,D,E,F) channels, are also reported in the map. f) An underwater view of the islet from inside the harbor basin. These notches are caused by selective
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Fig. 6. Sketch of a cross section of ScoglioGalera (not in scale)with i) present dayabrasion
platform placed at the same elevation of the ii) present day erosion notches placed inside
the pools, iii)mooring basin, iv) bollard and crepidine. All the analyzed archaeological and
geomorphological markers are in agreement with an unchanged relative sea level since
1806 � 60 years BP.
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As the strata are all tilted NNE, the islet has an asymmetric
morphology. Its southern part is indented and with a vertical
coastline up to 3 m high, while the northern part shows a linear
trend and is gently tilted NNE.

Along the southern border, inside the pools and in the mooring
basin, a present day erosion notch 30e60 cm wide and 50e100 cm
high, is present (Fig. 5c, d). The northern border displays an abra-
sion platform up to 6mwide, characterized by Dendropoma petreum.
These gastropods usually live in the lower intertidal environment
(Antonioli et al., 1999).

The northern border shows also relics of a marine terrace
w60e80 cm above sea level, at the same level of the walking surface
(crepidine) that runs along the mooring basin. The crepidine was
partially excavated on the surface of the marine terrace.

The cross section (Fig. 6) shows the cliff running along the
northern coast of the islet whose bottom ends in the seafloor at
a depth of 6e7 m. The elevation of the intertidal abrasion shows
a level of 7e8 cm of Dendropoma petreum (Antonioli et al., 1999)
which is in agreement with the current sea level. This platform
includes several squared holes, excavated in the islet to support the
wooden poles that made up the reinforcements of high concrete
walls, built to protect the islet from the waves. The platform ends
with a small scarp 80 cm high, over which were developed a small
terrace 3.5mwide (Fig. 5g). The latter ends with an additional small
scarp, and its surface shows other squared holes where parts of the
walls are still remaining. Although this may appear as natural
terrace, it appears to have been excavated to adapt the surface of
the islet to the wall foundations. Along the opposite side of the islet
the seafloor is up to 4e5 m deep and shows an erosion-smoothed
marine notch. The present day erosion notch has a size a few cm
larger than the tidal range.

4. Results

The goal of this paper is to provide quantitative data on the rela-
tive sea level changes during the late Holocene and of the vertical
landmovements in an area of high tectonic deformation rate. For this
purpose, direct measurements of archaeological and geomorpho-
logical markers connected to sea level were used. To correlate the
archaeological structures to sea level at the timeof their construction,
the functional elevations of the observed architectural features are
defined as significant parameters to estimate the local relative sea
level change. These are specific parts of an archaeological site which
were constructed at specific elevations for functional purposes,
defining the minimum elevation above high tide (Lambeck et al.,
2004a, 2004b).

4.1. Trainiti creek

Surveys have determined that the depth of the main pier ranges
between�1 and�9 m from its attachment along the coast towards
the offshore (Fig. 3b). This structure, a breakwater or an outer pier,
was built to ensure that at least 1 m remained emerged in the part
close to the shore, to function properly and to guarantee good
protection to the harbor basin, which today is silted (Lena, 1989;
Mariottini, 2001). Excluding any large vertical movement, this
structure was intentionally built at these depths to create an arti-
ficial barrier against waves and currents. The bathymetry support
this hypothesis, as the pier is tilted toward offshore, following the
erosion processes occurring along the different levels of the geological unit. g) The abrasion p
to host wooden poles. A relic of wood allowed us to date by 14C AMS this site at 1806 � 60
channels used for water exchange in the pools. Their functional elevations still correspond
were originally closed by fixed gates to avoid the escape of fish.

Please cite this article in press as: Anzidei, M., et al., Evidence of vertica
maritime archaeological indicators, Quaternary International (2012), doi:
surface of the seafloor. The latter is gently deepening, and does not
show any relevant first order morphological signatures. In absence
of precise constructional and morphological elements in the
shallow part of the pier, precise estimation of the intervening
relative sea level changes since the time of its construction cannot
be determined, mainly due to a lack of more precise information on
the harbor, that today is completely buried under the recent sedi-
ments of the coastal plain (Schmiedt, 1966).

4.2. Scoglio Galera

The fish tank of Scoglio Galera shows significant features that
allow the precise estimation of past sea level positions in this area.
In particular, as also reported in Lambeck et al. (2004b), from the
elevation of the channels used for water exchange within the basin,
it is possible to determine the relative sea level change since its
construction at this site. Latin writers, as Columella (De Re Rustica
XVII), suggest for basin constructions a depth up to 2.7 metri ...in
pedes novem defondiatur piscina. even depending from the fish
species to breed. Moreover, the pools were protected from waves
...‘Mox praeiaciuntur in gyrum moles, ita ut conplectantur sinu suo et
tamen excedant stagni modum... In the fish tank of Scoglio Galera,
the pools show average depths of 2.8 m, while channels for water
exchange of the inner basin show maximum depths of 1.9 m, with
elevations compatible for a good functioning of the pools driven by
the typical tides of the Mediterranean Sea, normally w50 cm high.
Therefore the pools and the channels of the fish tank are tidally
controlled, even today.

To date the fish tank, whose age was still unknown, a piece of
wooden pole found in one of the squared holes along the northern
side of the islet was dated (Fig. 5h). 14C AMS analysis dated this
sample as Roman age, precisely at 1806 � 50 BP (calibrated age,
Calib 4, Stuiver et al., 1998).

5. Discussion

The sea level curve estimated by Lambeck et al. (2011) (that
models the crustal response to the glacio-hydro-isostatic signal)
predicts a sea level change for this location of�113 cm since the last
1806 � 50 years, at a mean rate of �0.63 mm/y (Fig. 7). Observa-
tions have estimated that the relative sea level has changed only
7 cm since the construction of the archaeological site (Table 1).
Therefore, the recent tectonic uplift inferred from the fish tank
exceeds by w0.18 mm/y the previous estimates of Miyauchi et al.
(1994) obtained from the elevation of the MIS 5.5 marine terrace,
latform with the Dendropoma petreumwhich is drilled with several squared holes used
years BP. h) One of the holes for the wooden poles of 20 � 20 cm size. k) One of the

to those at the time of the construction of the fish tank. The openings of the channels

l tectonic uplift at Briatico (Calabria, Italy) inferred from Roman age
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which infers an uplift rate of 0.47 mm/y at Briatico. Bianca et al.
(2011) found the MIS 5.5 terrace at 216 m of elevation, in contrast
to the value of about 60m reported inMiyauchi et al. (1994) (Fig. 1),
thus inferring a long term uplift rate up to 1.74 mm/y. As this value
is in large contrast with the previous measurements of Miyauchi
et al. (1994), who dated this terrace through the Strombus B., the
latter is preferred for comparison here.

Besides the long term geological data, recent geodetic obser-
vations are available in Calabria which show the present day uplift
of this region. The tide gauge of Reggio Calabria has recorded a sea
level trend of 0.28 mm/y during the time span 1999e2007 (Fig. 8).
Although the duration of the sea level recordings for this station is
still too short to provide a robust estimation, this value can be
considered a preliminary indication that should correspond to
a deficit of w0.8 mm/y in the sea level increase with respect to
tectonically stable coastlines of Italy. This result is in agreement
with Braitenberg et al. (2011). Moreover, the available GPS data
show a variable uplifting trend for southern Calabria (Devoti et al.,
2010). Therefore, the rate of crustal uplift inferred from the marine
archaeological site of Scoglio Galera provides the evidence of
a continuous uplift, whose trend is in agreement with the recent
instrumental observations. The archaeological data fills a gap
between geological and instrumental data, providing new estima-
tions on the tectonic trend of this region during historical times.

In Table 1, the predicted and observed data of sea level change are
shown and compared against the tectonic signal, using the predicted
sea level curve of Lambeck et al., 2011 for this location (Fig. 7). The
vertical uplift rate is based on the elevationof theQuaternary terraces
of MIS 5.5 (124 ka, elevated at 65 m according to Miyauchi et al.
(1994)) (Fig. 1) and a uniform uplift since the last 1806 � 50 yr BP,
which is the age of the archaeological site, is assumed.

Column L of Table 1 contains the average value of f the relative
sea level change inferred from the archaeological site, estimated
at�106 cm for the last 1806� 50 y (radiocarbon age of the wooden
pole). In column K of the same table, the predicted sea level curve
for the last 1806 y gives a value of �113 cm.

The difference of only 7 cmbetweenpredicted and observed data
results from the sum of the opposite movements of uplift and
subsidence that counterbalance each other. This estimation
includes the uncertainties from the model and field observation.
This result is in good agreement with the tectonic rate inferred by
Please cite this article in press as: Anzidei, M., et al., Evidence of vertical tectonic uplift at Briatico (Calabria, Italy) inferred from Roman age
maritime archaeological indicators, Quaternary International (2012), doi:10.1016/j.quaint.2012.01.019
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Data show a sea level trend at 0.28 � 0.1 mm/y (linear fit shown by the black line). The
maximum tidal range is 0.63 m for this location, in agreement with the height of the
erosion notch at Scoglio Galera.
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the elevation of the terraces of MIS 5.5, located at 60 m above sea
level, that infer a vertical uplift of 0.47 mm/y (Miyauchi et al., 1994),
that caused a displacement of about 85 cm since the last 1806 � 50
years at the studied site. This estimate, which differs by 21 cm from
the present study’s results, could result from the measurements of
the MIS 5.5 elevation in this region, which shows large spatial
variability. Finally, the flat surface at 80 cm above sea level on the
northern side and in the harbor of Scoglio Galera, is interpreted as
entropic (Fig. 5g).

6. Conclusions

The timing of the relative sea level changes along the Tyrrhenian
coast of Calabria, at Briatico, can be inferred from the elevation of
the Quaternary marine terrace and the coastal archaeological sites
of roman age. As the pier located at the mouth of Trainiti creek does
not provide any precise data, the only available indicator along this
coast is the Scoglio Galera. Analysis used: i) functional elevations of
channels used for water exchange within the pools; ii) functional
elevation of crepidine and bollards; iii) elevation of the erosion
notch in the pools, correlated with the Dendropoma platform
placed along the northern side of the islet, and iv) the elevation of
themarine terrace of the upper Holocene, excavated at 80 cm above
sea level along the northern side of the islet.

As the age of the fish tank is 1806 � 50 cal BP, the present day
erosion notch in the inner side of the pools formed only after thefish
tank was excavated. This geomorphological indicator, strictly
related to the recent sea level, developed during this time, reaching
a size related to the mean tidal range for this location, as estimated
from tidal data (Fig. 8). Excluding any uplifting coseismic displace-
ment, these observations imply that the fish tank, since the time of
its construction, underwent continuous uplift with the same value
of the subsidence signal caused by the glacio-hydro-isostasy. The
erosion notches formed in this tectonic environment and developed
under a constant tidal range amplitude, since the relative sea level
remained steadily at the same relative level while it was continu-
ously rising together with the Earth’s crust (Fig. 7). The pools do not
show any morphological evidence of submerged erosion notches,
supporting the hypothesis that relative sea level has not changed
since their construction.

Assuming a constant rate of uplift since the late Quaternary,
including the last 1806years, then the current elevation of the Scoglio
Galera isdue to theglacio-hydro-isostatic signal that counterbalances
the tectonic signal. Therefore, the uplifting rate for this location can
be estimated atw0.65 mm/y for the last 1806 � 50 BP.

The present day biologicalmarker, theDendropoma platform, is in
agreement with these observations as well as with the tidal notch
along the inner side of the pools of the fish tank. These markers
Please cite this article in press as: Anzidei, M., et al., Evidence of vertica
maritime archaeological indicators, Quaternary International (2012), doi:
developed in an environment characterized by a relative null vertical
motion, and consequently are at the same elevation. This balance also
includes the recent eustatic increase of 13 cm, as estimated for the
Mediterranean by Lambeck et al. (2004b), Anzidei et al. (2011a,
2011b).

On the base of these data, the archaeological markers at Scoglio
Galera did not record coseismic significant displacements along the
vertical, including the December 8th, 1905 Ms ¼ 7 earthquake,
which is the largest in this region in the last centuries, in agreement
with the dislocation model proposed by Piatanesi and Tinti (2002).
However, coseismic movements may have occurred before the
construction of the fish tank.
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