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This paper describes the results of a multidisciplinary study of four geoarchaeological sites on the Sorrento Pen-
insula coast (Italy) where the submerged ruins of Roman buildings have enabled the ancient position of both the
sea level and the coastline to be reconstructed. The results highlight that the sea level in Roman times, deduced
from the submersion measurement of archaeological markers, did not exceed 1.2 m± 0.30 m, except for Seiano
whose submerged remains and surrounding area were heavily damaged by extreme events following the 79 CE
Vesuvius eruption. The comparison of these results with the eustatic sea-level curve in Roman times together
with the submersion of the tectonically stable site on the Tyrrhenian coast of Italy (Torre Astura, with awell-pre-
served Roman fishpond) demonstrate that the Sorrento Peninsula has been tectonically stable over the last two
millennia. This behaviour startedmany thousands of years ago, not later than the last interglacial, while the near-
by plain of Pompeii and probably the bottom of the adjacent Gulf of Naples have been subsiding at rates of 1 or
more mm per year. In the same time span, two of the investigated coastal sectors (Capo di Sorrento and Punta
Campanella) have not suffered any significant changes because their sea cliffs are cut in hard limestone. The
tufa sea cliff of the Sorrento plain on the other hand, has been retreating by several metres. On the Marina di
Equa (Seiano) alluvial coastal plain, which suffered the effects of the 79 CE eruption, the debris and
hyperconcentrated flow produced a progradation of N200 m, which has been totally dismantled over three
centuries.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Several factors affect how coasts have evolved in the last two thou-
sand years, however vertical ground movements play a fundamental
role by interfering with global factors such as eustatic sea level changes
associated with climate change (Vacchi et al., 2016; Church et al., 2013;
Anzidei et al., 2011; Lambeck et al., 2011; Antonioli et al., 2009; Giorgi
and Lionello, 2008; Rahmstorf, 2007; Antonioli et al., 2007; Lambeck
et al., 2004b; Pirazzoli, 1997).

Tectonic and volcano-tectonic activity in particular, along with
human activities directly influence the morphological evolution of the
coastal environment. Regarding the Italian coastlines, it is essential to
consider the ongoing evolution of the Apennine chain, which is a very
young orogen, with particular focus on the Tyrrhenian flank where
ucelli), aldocinque@hotmail.it
vertical ground movements are not negligible (Brancaccio et al., 1991;
Cinque et al., 1993; Ferranti et al., 2006; Casciello et al., 2006; Milia et
al., 2013).

The coast of the Campania region is oneof themost diversified coast-
al systems in Italy, with alternating high and low coastal sectors, many
of which have been greatly influenced by tectonic and volcanic process-
es (Brancaccio et al., 1991, 1995; Ferranti et al., 2006; Milia and
Torrente, 2015). The Last Interglacial markers (Ferranti et al., 2010) in-
dicates the substantial subsidence of this region due to faults, magma
chamber withdrawal and soil compaction, with exceptional uplifts due
to volcanic-tectonic processes.

The coasts of the Gulf of Naples (Fig. 1A) were mainly modified dur-
ing the Late Quaternary, and since Roman times (Mattei, 2016) by the
volcanic activity of Somma-Vesuvius, Phlegraean Fields and Ischia
(Aiello et al., 2001; Milia et al., 2003). In fact, in the caldera centre of
the Phlegrean Fields (Fig. 1A), several uplifts episodes have been associ-
ated with local volcanic-tectonic processes, although the submersion of
several Roman archaeological sites in the Pozzuoli Gulf is the result of
volcano-tectonic subsidence (Cinque et al., 1997; Morhange et al.,
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Fig. 1. A) Shadow relief of Campanian coasts between Phlegraean Fields and the Sorrento Peninsula; B) Geological map of study area (after Iannace et al., 2015) with positions of
archaeological sites.
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2006; Passaro et al., 2013). Moving southward, the coast of Naples (Fig.
1A) in the Late Holocene was affected by 1 mm/yr of subsidence, prob-
ably not related to volcanism. This mean subsidence rate was deduced
from beachface deposit identification at a depth of −3 m b.s.l. during
geo-archaeological excavations associated with public transport works
(Cinque et al., 2011; Romano et al., 2013). On the other hand, the Vesu-
vius coastal sector was much influenced by Holocene volcanic activity,
as demonstrated by vertical ground movements inferred from a
geoarchaeological study of Herculaneum (Fig. 1A, Cinque and Irollo,
2008). Finally, a subsidence rate of 1.5 mm/yr was observed in the
Sarno coastal plain (Fig. 1A), mainly due to soil compaction under the
heavy pyroclastic sediment load (Cinque, 1991; Pescatore et al., 2001;
Vogel and Maerker, 2010).

In this paperwe present newdata on the relative sea-level change in
the historical time along the coast of the Sorrento Peninsula promontory
(Lattari Mts.) overlooking the Gulf of Naples, using submerged archaeo-
logical markers such as docks, piers, quays, and fishponds (Fig. 1B).

This coastal territory has been influenced in the last 2000 years by
local forces (Cinque et al., 2000) such as volcanic events and sea level
changes. The interaction between these endogenous and exogenous
factors, which differ in duration and intensity, have produced both con-
tinuous coastal changes such as those related to sediment budget and
abrupt changes related to huge alluvial events and Somma-Vesuvius
eruptions. The eruption that had the greatest impact on this coast was
the famous Plinean Vesuvius eruption of 79 CE (Sigurdsson et al.,
1982; Santacroce et al., 2008; Cinque and Robustelli, 2009).

The human impact in the Roman period along the coasts of the Sor-
rento Peninsula, is documented by the many seaside villas that were
built with a density that is only comparable with those in Capri and
Baia (Fig. 1A). These villas, which were built around the 1st century
AD, were restored and rebuilt up until the 3rd century AD, because of
the effect of the eruption of Vesuvius in 79 CE that drastically changed
the morphology of this area.

Studying themany ruins of seaside villas in the area, both spatial and
chronological constrains can be obtained regarding the coastal changes
occurring since Roman times. Maritime annexes of these villas, such as
small harbours and fishponds, are the focus of the study, as they are
good indicators of sea level rises (SLRs). In fact, because of the small
tidal range (±0.30m, Vacchi et al., 2016), they provide significant infor-
mation on the relative sea-level changes over the last two millennia,



Fig. 2. Integrated geoarchaeological marine methods used in this research.

Fig. 3. Parameters used for the evaluation of the Roman sea level: S submersion of the
archaeological marker; E hypothetical amount of erosion; H functional height of
archaeological marker, amount of emersion during the usage period.
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thanks to a precisely defined relationship to the sea level at the time of
construction (Flemming, 1969; Schmiedt and Caputo, 1972; Flemming
and Webb, 1986; Lambeck et al., 2004a; Antonioli et al., 2007;
Auriemma and Solinas, 2009).

The aim of this multidisciplinary research was to reconstruct the
Roman landscape in four geo-archaeological sites in the northern sector
of the Sorrento Peninsula (Fig. 1B), together with the coastal changes
due to the relative sea level rise in Roman times.

2. Historical setting

The area of the ancient Surrentum covers the entire Sorrento Penin-
sula. In the beginning of the 5th century. B.C. Surrentum was briefly
under Etruscan domination and the after being occupied by the Oscas
in around 420 BCE, it was a Greek colony, as documented by an inscrip-
tion in Doric dialect dated from the 4th century. B.C., found on the statue
of Artemis in the city (Mingazzini, 1946).

The vestiges of the Greek Surrentum include various graves and re-
mains of statues (5th cen. BC – 1st cen. BC). The only visible remains
of the pre-Roman city consist of two doors and a stretch of wall along
the ancient Greek city walls. Another important finding is a paved
road leading to the famous temple of Athena at Punta Campanella, of
which only a few votive objects have been found. The Roman town pre-
served the original Greek plan, with the streets intersecting at right an-
gles and the Roman Agora is positioned in the same place as the Greek
market.

Surrentumwas very probably part of Nucerine League, together with
Stabiae, Pompeii and Herculaneum. After the Social War (91–88 BCE),
Surrentum had Roman citizenship, as documented by a city hall or colo-
ny. Many villas of wealthy Romans were built between the I cen. B.C.
and I A.C. In fact, the remains of the Roman period are abundant along
the Sorrento Peninsula coasts. The most impressive imperial villas are:
the villa of Agrippa Posthumus (located where the Hotel delle Sirene
currently stands and the adjoining area); the Capo di Sorrento villa
(Bagni della Regina Giovanna - Baths of Queen Joan); the villa of Punta
di Massa (referred to by Statius, the Roman poet, of which almost noth-
ing remains); the villa at Punta Campanella (probably a pied-a-terre of
the emperor and for those who went to Capri) and other smaller villas,
scattered along the coast of the Gulf of Naples. These villas are strikingly
beautiful. According to the Greek historian Strabo “the crater is
completely dotted by towns we called, as well as villas and gardens,
and these and those, lying between them one after the other, offer the
appearance of a single city”.
3. Geological and geomorphological setting

The Sorrento Peninsula is aWSW–ENE elongated horst and lowered
to thewest, which separates two semigrabens, the Gulf of Naples in the
Campania Plain to the North, and the Gulf of Salerno in Sele Plain to the
south (Cinque and Robustelli, 2009; Pappone et al., 2010, 2011;
D'Argenio et al., 2012; Iannace et al., 2015).

The structural framework is characterized by NW dipping
homoclinal blocks which are dissected by faults with NW–SE, NE–SW
and E–W trends (Brancaccio et al., 1991; Carannante et al., 2000).



Fig. 4.Evaluation of sea level rise (Δsl) in the last 2 ky using submersionmeasurements (S)
and corrections with respect to the functional height (H) in A) Pezzolo villa at Seiano; B)
Agrippa Posthumus villa at Sorrento Marina Grande.

Fig. 5.Evaluation of sea level rise (Δsl) in the last 2 ky using submersionmeasurements (S)
and corrections with respect to the functional height (H) in A) Roman villa at Capo di
Sorrento; B) Roman villa at Punta Campanella.

Table 1
Measurements and corrections of the submersion of archaeological markers in the four
archaeo-sites of Sorrento Peninsula.

Site Marker Submersion
(S)

Functional
height (H)

Ancient sea
level (Δsl)

Seiano Pier −1.00 0.60 −1.60 ± 0.50
Sorrento Fishpond −0.80 0.30 −1.10 ± 0.30
Capo di
Sorrento

Pier −0.90 0.30 −1.20 ± 0.30

Punta
Campanella

Quay (horizontal
groove)

−0.50 0.60 −1.10 ± 0.30
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The structural setting is the result of Late Miocene–Pliocene com-
pressive tectonics and of the subsequent Plio-Quaternary transcurrent
and extensional tectonics (Brancaccio et al., 1991; Cinque and
Romano, 1990; Iannace et al., 2015).

Mesozoic carbonate platform limestones and subordinated
dolostones of Upper Cretaceous succession crops out in the Sorrento
Peninsula promontory and were overlain by a transgressive Miocene
succession and, locally, overlain by Pleistocene calcareous breccias and
Pleistocene–Holocene pyroclastic rocks (Fig. 1B).

The whole promontory is also carpeted by a pyroclastic unit emitted
by Somma Vesuvius and the volcanoes of the Phlegraean Fields, with a
thickness varying between a few centimetres and N10 m (Iannace et
al., 2015). The most important eruption producing these deposits dur-
ing the Holocene, was the Vesuvius eruption of 79 CE The 79 CE pyro-
clastic unit rests directly on the Mesozoic rocks or on eruption units of
Middle-Late Pleistocene. Therefore, between 18 ky ago and 79 CE the
Lattari Mts. did not receive any significant fallout deposits, because dur-
ing this time span, the Vesuvius Plinian eruptions were dispersed in
other directions (NE to E; Santacroce et al., 2008, Cinque and
Robustelli, 2009).

During the 79 CE eruption, the Lattari ridge was completely mantled
by loose pyroclastic deposits, with a thickness of between 1 and 2.5m of
pumice and ash (Sigurdsson et al., 1982; Santacroce et al., 2008; Cinque
and Robustelli, 2009). This cover has been almost totally removed from
the steepest hill slopes of the Lattari Mts. by mass wasting and fluvial
denudation; whereas, on less inclined hill slopes some parts of the
cover have been preserved. Some traces of this eruption are still pre-
served within the archaeological remains of Roman villas such as
those at Pezzolo villa (Seiano) and Capo di Sorrento villa (see below).

3.1. The sea level marks left by the last interglacial maximum

The Sorrento Peninsula coasts preserve good traces of palaeo-sea
levels, for example along the southern coast of the Peninsula, where
the raised Middle Pleistocene marine terraces, such as Cala Rezzola
(Fig. 1B), at elevations from 40 to 15 m (Cinque and Romano, 1990),



Fig. 6. A) Photo overview of Pezzolo villa archaeological site; B) Underwater photo of a pila comprising the submerged harbour; C) Zoom of ruins on the beach; D) SSS archaeological
targets of SW and NE survey area.
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suggest that the last phase of block-faulting affecting the Peninsula
dates back to this period. A subsequent period of uniform tectonic uplift,
acting at a low rate, can be recognized by the O.I.S. 7 shoreline at a con-
stant elevation of about +10m a.s.l. (Cinque and Romano, 1990; Riccio
et al., 2001).

In the Amalfi coastal sector (Fig. 1B), much evidence of ancient
shorelines at about 8m asl have been recognized permitting to evaluate
the paleo-sea-level during Stage 5 (Brancaccio et al., 1978; Cinque and
Romano, 1990; Romano, 1992; Ferranti et al., 2006). This paleo-sea
level was dated by measuring the 230Th/238U activity ratio in coral fossil
samples (Brancaccio et al., 1978) in two sites (Conca deiMarini and Cala
Ieranto, Fig. 2). Themean age calculated for the samples from Conca dei
Marini was 129,000 years, while the Cala di Ieranto, was aged at
128,000 years (Brancaccio et al., 1978). Both correspond, within the
limits of analytical error and the limit of one OIS 5 gloacio-eutatic
highs (Shackleton et al., 2003). In these sites, traces of marine notch at
7–8 m a.s.l. are also present, which were correlated by the authors
(Brancaccio et al., 1978) with the sea level at the time of dating. This
level almost coincides with the well-known glacio-eustatic position
reached by the sea level during the optimum of the last interglacial, sub-
stage 5e (Riccio et al., 2001; Shackleton et al., 2003).

Riccio et al. (2001) highlighted the presence of another sea level
stand which occurred during substage 5e, at −1.5 m below the
Eutyrrhenian level + 8m. This level was preceded by a rise and follow-
ed by a lowering of the sea level. The particular morphology of the ma-
rinenotches used as sea levelmarkers, suggests a slightlyfluctuating sea
level between +6 and +7.5 m. They also highlight the presence of
younger highstands which can be chronologically referred to the
minor climatic fluctuations of Stage 5.

Thefirst evidence of a sea level-stand is at+3.5/4m a. s. l. This event
occurred after the +8 m Eutyrrhenian peak, probably during the last
part of substage 5e or later (in any case before Stage 4 because these
shorelines are covered by the Last Glacial slope breccia), and was char-
acterized by a considerable duration.



Fig. 7. Coastline evolution in Seiano 1st cen AD coastline position (red dashed line) and present coastline (yellow line).
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Evidence of the second sea level, between +1.5 and +2 m a. s. l.,
could also be classified chronologically as falling into Stage 5, after the
Eutyrrhenian peak, and before Stage 4 (also in this case because the
sea level markers cut the biogenic Cladocora body and are covered by
slope breccia deposited during the Upper Pleistocene cold periods). A
comparison with other studies (Hearty, 1986; Ulzega and Hearty,
1986; Vacher and Hearty, 1989; Mush et al., 1994; Lundberg and Ford,
1990) would seem to indicate that this level is at substage 5a.

The presence ofmultiple traces of sea level stand along the southern
coast of the Sorrento Peninsula, demonstrated that several high-stand
peaks characterized the sea level in the last interglacial.

These levels (Riccio et al., 2001) almost coincide with the well-
known glacio-eustatic position reached by the sea level during the opti-
mum of the last interglacial (Lambeck and Chappell, 2001; Vacchi et al.,
2016).

In fact, during this last interglacial period several authors have dem-
onstrated that the global sea-level was higher than the modern one
(Shackleton and Opdyke, 1973; Waelbroeck et al., 2002; Siddall et al.,
2003). However the related sea-level curves along the Mediterranean
coasts result in a height difference of several meters (Lambeck and
Chappell, 2001; Potter and Lambeck, 2004). The average sea level dur-
ing the MIS 5.5 (6 ± 3 m) can be inferred by coastal measurements in
Sardinia as the best eustatic reference for the central Mediterranean
(Lambeck et al., 2004a; Ferranti et al., 2006; Ferranti et al., 2010;
Vacchi et al., 2016).

Comparing the aforementioned eustatic valueswith the present ele-
vationofmarks left by theO.I.S. 5.5 high stand (6 to 8mabove sea level),
it can be concluded that the Sorrento Peninsula has remained substan-
tially stable over the last 130,000 yrs (as proposed by Brancaccio et al.,
1978; Cinque, 1986; Cinque and Romano, 1990; Riccio et al., 2001;
Ferranti et al., 2006). However, the match between the measured
elevation of coastal traces and the corresponding eustatic sea-level is
not perfect, with a difference of about 1–2 m.

One of the aims of this paper is to add some younger control points
to verify the recent tectonic behaviour of the Sorrento Peninsula and,
most importantly, to establish whether the substantial stability, pre-
sumed in previous studies from an average of two points (130 kys and
today), is a continuous trend or the result of alternating lifting and sub-
sidence movements.
4. Methods

4.1. Geoarchaeological surveys

The integrated geoarchaeological surveys of the four coastal sites
were carried out using specific geophysical techniques for each area
(Giordano, 2010).

In the first studied site, Marina di Seiano, a marine geophysical sur-
vey was carried out of the underwater extension (maritime annexes)
of the Pezzolo villa. A morpho-bathymetric survey using a single-
beam echo sounder (SBES) and a side scan sonar (SSS) was carried
out. A seismo-stratigraphic survey was then performed by means of a
sub-bottom profiler (SBP) system to investigate the sub-bottom and
any artifacts buried beneath sediments.

In the other coastal archaeo-sites, where the archaeological remains
were only submerged by a few centimetres, we used an unmanned sur-
face vessel (USV, MicroVeGA in Fig. 2) created specifically for surveys in
very shallow waters (Giordano et al., 2015). Where the GPS signal was
absent, as in the case of the crepidinae inside the hypogea fishpond in
Sorrento, direct measurements by means of graduated stadia were car-
ried out in relation to the submerged findings.



Fig. 8. Photos of archaeological structures in Sorrento Marina Grande: A) Fishpond entrance; B) Harbour annexes now submerged; C) Underwater photo of crepidinae; D) Nymphaeum
entrance; E) Measurement of crepidinae submersion; F) Harbour annexes nowadays submerged.
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4.2. Marine survey instruments

A seismo-stratigraphic survey is very useful to detect thin stratifica-
tions below the seabed as well as structures or artifacts buried by ma-
rine sediments. An EG&G Uniboom electromagnetic system and D-
Seismic acquisition system (Mattei and Giordano, 2015) were used for
this purpose. The resulting positional accuracies were ±0.60 m (hori-
zontal) and approximately ±0.25 m (vertical). This is a high-resolution
system and discriminates faces in the order of 0.25–0.30 m.

The Side Scan Sonar morphological system, on the other hand, per-
forms the acoustic mapping of the seabed. This system identifies the re-
mains lying on the seabed and the geo-morphological characterization
of the substrate (Giordano, 1995). A GeoAcoustics dual-frequency
(114/410 kHz) SSS system (MOD259)was used. The positional accuracy
was ±0.60 m. The SSS sonographs were interpreted and relevant tar-
gets were identified.

The bathymetric system is an Ohmex single beam echo-sounder op-
timized for shallowwater whichmeasures the depth with a centimetre
precision. We used this system to measure the depth of archaeological
remains. A Trimble DSM 232 GPS and an Ohmex SonarLite Single
Beam Echo Sounder (SBES) were used, providing a positional accuracy
of ±0.6 m and depth accuracy of ±0.025 m (route mean square,
RMS). The depths referred to the vertical datum of mean sea level
(MSL).

The MicroVeGA drone is an Open Project conceived, designed and
built to operate in very shallow waters, where it is difficult for a
traditional boat to manoeuvre. It was engineered by the DIST research
group at the University of Naples and is designed to carry out mor-
pho-bathymetric surveys in critical areas, especially in the presence of
submerged archaeological structures (Giordano et al., 2016). The
drone is a small and ultra-light catamaran (1.35 m length, 0.85 m
width and 20 kg payload), with a few draught centimetres, and is there-
fore suitable for performing surveys up to the shoreline (Fig. 2). It is
equippedwith; twodifferential GPS systems; a single beamecho sound-
er; an integrated system for attitude control; an obstacle-detection sys-
tem; and a video acquisition system (both above and below sea level).
The data is stored on board in RAW format by a computerized system
and is broadcast to the base station by a data link system in real time.

4.3. Correction of measurements

The submersion measurement of an archaeological marker (index
point of the ancient sea level) is influenced by several factors; therefore,
a specific methodology was used to correct the measurements.

In order to obtain the submersion with respect to themean sea level
(S), we corrected the measurement of the depth below sea level (Q) at
which the archaeological structures were foundwith respect to the tide
and the atmospheric pressure.

Measurements were corrected by the formula of Leoni and Dai Pra
(1997):

S ¼ Q þ hi þ Δhp ð1Þ



Fig. 9. Coastline evolution in Sorrento Marina Grande: 1st century BC. coastline (red dashed line) and present coastline (yellow line).
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where, hi is the tidal level at the time ofmeasurement andΔhp is the sea
level barometric correction. Tidal height (hi)was calculated by linear in-
terpolation between the tide records of the two nearest ports (Naples
and Salerno).

The functional height above or below sea level of the investigated ar-
chaeological target (Auriemma and Solinas, 2009; Morhange and
Marriner, 2015) is important as it defines the minimum elevation of
the structure above the highest local tides at the time of its construction.
We estimated the specific functional height of each archaeological tar-
get taking into account the type of structure and its function, as de-
scribed in the next section.

This kind of information always involves some uncertainty and the
archaeological proxies used are sometimes badly preserved. The esti-
mations given here for the sea level of the 1st cen A.C. are thus accom-
panied by an error margin which varies depending on local
conditions, such as tidal range, and an additional measurement uncer-
tainty depending on the kind and conditions of the markers used.

This approach enabled us to estimate the Roman sea level with re-
spect to the investigated archaeo-markers (index points), thereby
obtaining the relative sea level change (Δsl) (Fig. 3).

The relative sea level rise, Δsl in Eq. 2, was calculated taking into
account:

S submersion of the archaeological marker, calculated by measur-
ing the depth of the marker's upper part (less eroded);

E additional error due to the uncertainty regarding the conserva-
tion state of the archaeological ruins;

H functional height of the archaeological marker, evaluated by of
the archaeological interpretation according to Auriemma and Solinas
(2009);

Δsl ¼ S−Eð Þ−Hð Þ ð2Þ
The relative sea level rise has a variation range, as in Eq. 3, related to
the three parameters (S, E and H), which defines the range of measure-
ment error.

S−HmaxbΔslb S−Emaxð Þ−Hmin ð3Þ

4.4. Archaeological markers of sea level rise

The northern sector of the Sorrento Peninsula preserves many
Roman remains. Four archaeo-sites were selected as these were the
best conserved and/or had the most reliable archaeological sea level
markers which we used as index points.

The archaeological markers used were: a submerged pier, in Seiano
and Capo di Sorrento sites, a hypogealfishpond carved into the Sorrento
tufa sea cliff, and a quay carved into the limestone sea cliff at the Punta
Campanella site.

To study the sea level variation in Roman times, the best type of
marker is the fishpond, which was used between the 1st century BC
and the 1st century AD, according to Plinius and Varro (Lambeck et al.,
2004a; Auriemma and Solinas, 2009). For the Sorrento fishpond, the
upper crepidinae running along the inner basin, was analysed (Fig.
4B). As this part always had to be above thewater level in order to guar-
antee maintenance, the submersion measurement was corrected with
respect to the value of high tide in this area (0.30 m).

The harbour structures have a greater margin of error, both due to
the state of preservation and the limited knowledge of the ancient
heights - only hypothesized - compared to the ancient sea level
(Auriemma and Solinas, 2009). The highest parts of two piers, at Seiano
(Fig. 4A) and Capo di Sorrento (Fig. 5A) coastal sites and a quay (Fig. 5B),
at Punta Campanella site, were used as index points. The correction in
relation to the functional height in these cases took into account that



Fig. 10. A) Bagni Regina Giovanna sheltered bay; b) Reconstruction of the Capo di Sorrento submerged pier with submersion measures; C) Remains of the pier.
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these landings were small, belonging to a residential unit where small
boats would dock. These maritime annexes are very sensitive to low
and high tides, in fact these structures were positioned on a very shal-
low seabed and rose from the ancient sea level by about 0.60 m
(Janni, 1996; Auriemma and Solinas, 2009).

In the case of Seiano, the pier was partially buried by alluvial sedi-
ments post 79 CE and thus a typical functional height (0.60 m,
Auriemma and Solinas, 2009) of a small pier was considered (Fig. 4A,
Table 1).

In the Capo di Sorrento site, the seafloor depth was 1.8 m and the
submersion of the pier at the top was 0.90 m. Based on the assumption
that somewooden structurewas probably built on this pier, a functional
height of 0.30 m or less was presumed (Fig. 5A, Table 1). In fact, a min-
imum ancient depth of 0.60 m must be considered, in order to permit
the landing of small boats in the inner basin.

In the case of Punta Campanella, a horizontal groove (Fig. 5B), prob-
ably used as a guide for a wooden superstructure was located 0.10 m
above the quay, carved into the limestone cliff. Consequently, the sub-
mersion of the quay (−0.60m)was added to this value (0.10m) before
considering the functional height (0.60 m).

5. Results

5.1. Pezzolo villa

The first site is the Pezzolo pocket beach inMarina di Seiano,where a
patrician villa (Mingazzini, 1946), was built at the mouth of the Rivo
d'Arco (Fig. 6A, B). The ruins belong to three different building phases.
The villa was first built at the beginning of the 1st cen. BC which was
then damaged by the Vesuvius eruption in 79 CE and almost totally bur-
ied by the subsequent alluvial events which aggraded the coastal plain
with meters of debris flow and hyperconcentrated flow deposits
(reworked pyroclastics of the same eruption) also leading to the coast-
line advancing considerably (Cinque and Robustelli, 2009). The villa
was then re-built on top of the alluvial deposits during the 2nd century
AD, (suggesting that the alluvial crisis had finished). The third building
phase, probably in the 3rd century, took place when the site became
once again unstable, however for a different reason. The retreat of the
sea cliff was destroying the coastal alluvial body and the resulting sea
cliff came close to the villa itself. Thismeant that structures had to be re-
inforced, such as an inclined tunnel as a new sat down from the house to
the beach and robust walls against the sea cliff.

The marine geophysical survey off Pezzolo villa ruins provided sub-
stantial morphological information regarding the submerged archaeo-
logical remains occurring in the area, on the geomorphology of the
bottom, and the stratigraphy of the 20 m sub-bottom.

As a result, the GIS overlay of all the geoarchaeological datasets con-
firmed the presence of a Roman harbour related to the Pezzolo villa and
enabled the spatial distribution of the related maritime annexes to be
identified (Aucelli et al., 2016).

Fig. 6D illustrates the archaeological targets localized by SSS inter-
pretations. A close inspection (Fig. 6B) confirmed the presence of two
piers (T13 and T14 in Fig. 6D) and several defence structures (pilae)
(T03, T12, T2, T4 in Fig. 6D). The seismic profiles (Sangree and
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Fig. 11. The western landing of Punta Campanella: A) Western landing of Roman villa; B) submersion measurement of the Roman quay; C) limits of littoral zones.
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Widmier, 1978; Giordano, 2010) highlighted the superficial layer of
0.8 ms (about of 1.2 m) burying, or partially burying, several archaeo-
logical structures. This acoustic facies was interpreted as alluvial de-
posits post 79 CE which buried the Roman villa and prograded the
coastline by some hundred metres.

However, the submersion of the harbour annexes to the villa, local-
ized by our geoarchaeological investigations (Aucelli et al., 2016), re-
vealed that the sea level rise on this site was up to 1.60 ± 0.50 m. This
measurement was obtained using the submersion value of the upper
part of T13 target (the least eroded pier) as an archaeological marker
Table 2
Sea level rise parameters evaluated at the four sites.

Parameters Archaeological sites

Seiano Sorrento Capo di
Sorrento

Punta
Campanella

S −1.00 m 0.80 m 0.90 m 0.50 m
E N0 m 0–0.05 m N0 m 0–0.05 m
H 0.6 0 m 0.30 m 0.30 m 0.60 m
Δsl −1.60 ± 0.50

m
1.10 ± 0.30 m 1.20 ± 0.30 m 1.10 ± 0.30 m

Substrate Soft sediments Tuff welded
hard

Limestone Limestone
of SLR, adding the functional height typical of a small Roman pier
(Auriemma and Solinas, 2009). The uncertainty of this measurement
is due to the poor conditions of the archaeological remains, partially
destroyed by the alluvial events.

By overlaying the bathymetric and archaeological data, the position
of the coastline at themoment of the villa construction in the1st cen AD
was obtained (Fig. 7).
5.2. Sorrento Marina Grande

The Agrippa Posthumus villa, in Sorrento Marina Grande
(Mingazzini, 1946; Russo, 2006), is an imperial Roman villa of consider-
able size, including a domus above the local sea cliff and a seaside sector
composed of elements sculptured in the cliff forming tuff, aswell as two
nymphaea (Fig. 8D) and a large fishpond (Fig. 8A, B, C) plus harbour an-
nexes and also pavilions, bridges and terraces made in wood (Fig. 9B
and F).

The ruins of the harbour annexes, which today are submerged and
partially eroded, consist of a series of concrete blocks.

In this site, we carried out a morpho-bathymetric survey, by means
of a MicroVeGA drone in the nearshore area between 0 and 3 m of
depth, in order to measure the archaeological marker submersion and
to reconstruct the seabed morphology.
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Fig. 12. A) Submersion measurements of the sites compared to the curve of predicted
altitude in the last 2.5 ky (blue line, Lambeck et al., 2011 modified) of the Torre Astura
tectonically stable site and the measured submersion value in this site (Lambeck et al.,
2004a, 2004b; Lambeck et al., 2011); B) Submersion measures of the Sorrento Peninsula
sites with an error bar, taking into account the uncertainty of the measurements.
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The recent evolution of this coastal sector has been influenced both
by human actions and by the glacio-isostatic sea level rise. Here the sub-
mersionmeasure of the upper crepidinae in the fishpond (−0.80m) led
to an evaluation of 1.1 ± 0.30m if the sea level rise occurring in the last
2000 years, while the geophysical and geomorphological investigations
led to the reconstruction of the 1st century BC coastline. The change in
coastline position and shape are shown in Fig. 9.

5.3. Capo di Sorrento villa

The imperial villa of Capo di Sorrento is located on a steep rocky
coast, with limestone sea cliffs.

This villa was built in the 1st cen. AD. and was partially rebuilt after
the 79 CE eruption, because the pumice deposits buried the floors
(Russo, 2006). The villa included three landings, onewithin a very shel-
tered small bay Bagni Regina Giovanna, Fig. 11A) and two outside of it.
The outside landings were destroyed by the waves, while the internal
landing is still recognizable. In fact, immediately after entering the shel-
tered bay, now there is a partially destroyed pier (Fig. 10C).

The archaeological marker used to reconstruct the Roman sea level
was the top of a partially-eroded pier measured at the point of mini-
mum erosion (Fig. 10B). The measurement taken on this site was
1.20 ± 0.30 m. There has been no visible erosional retreat in the last
2000 years.

5.4. Punta Campanella Villa

The fourth site is the imperial villa of Punta Campanella which was
erected by Augustus as the bridgehead to the Isle of Capri (Mingazzini,
1946). This villa had two landing places. The eastern landing has been
partially destroyed, thewestern one is still perfectly preserved and nes-
tles into the limestone cliff (Fig. 11A). We studied this landing structure
using a direct surveywith graduated stadia (Fig. 11B).Wemeasured the
top of the quay. Considering a functional height at 0.60 above water
(Auriemma and Solinas, 2009), a sea level at 1.10 ± 0.30 m can be
inferred.

The methodology used to calculate the submersion of the quay in
this site is particular because of there is usually a strong undertow. In
fact, we used the upper limit of the lower mid-littoral zone as the
mean sea level at the time of measuring (Giaccone et al., 1993), and cal-
culated the distance between this limit and the underwater quay as the
value of submersion S (Fig. 11C).

6. Discussion

The measurements carried out in the four sites of the Sorrento Pen-
insula provided an evaluation of the sea level rise since the first century
BC but also enabled us to reconstruct the planar modifications of the
coastline. The first study site, the Pezzolo villa in the pocket beaches of
Marina di Seiano, has an evolutionary history that is closely linked to
the eruption of Vesuvius in 79 CE and the flooding associated with it.
The geoarchaeological study of the site led to the positioning of the
villa harbourwhich is now submerged (Aucelli et al., 2016). Also, the in-
tegration of geophysical and archaeological data highlighted the coast-
line position and the sea level rise in the last 2000 years, totalling
1.60 ± 0.50 m. By comparing this measure with the predicted sea-
level curve of Lambeck et al., 2011, the difference of 0.50 m is probably
due both to the poor conditions of the identified piers (whichwere par-
tially destroyed by flooding) and to the compaction of loose sediments
constituting their foundation (Aucelli et al., 2016).

The second site studiedwas the Imperial villa of Agrippa Posthumus
in Marina Grande in Sorrento, built on top and into the tufa sea cliff.
Maritime facilities include a Nymphaea and a fishpond system, as well
as a number of facilities now submerged such as piers and docks. The re-
cent evolution of this site has been influenced both by human actions
and by the glacial-isostatic rising of the sea level. The integration of
archaeological data, the morpho-bathymetric surveys and the submer-
sion measuring at the top of the upper crepidinae in the fishpond,
have enabled the I cen. a.C. coastline to be reconstructed and to evaluate
the sea level rise in the last 2000 years as 1.10±0.30m, according to the
modelled values (Lambeck et al., 2011). Finally, through the
geoarchaeological study, the retreat of the coastal cliff was evaluated;
in fact the distance between the partially destroyedNymphaea entrance
and the present-day sea cliff, highlights a retreat rate of 7.5 mm/year
(about 15 m in total).

The other two sites of Capo di Sorrento and Punta Campanella are lo-
cated on a steep rocky coast with limestone cliff, with an inappreciable
retreat in the last 2000 years.

The Imperial Villa of Capo di Sorrento was partially destroyed by the
eruption of 79 CE and the eruptive products covered its floors. Thus the
domuswas rebuilt on top of these ruins. Themeasurements at the top of
the pier of the small landingwithin the protected bay of Capo di Sorren-
to highlighted a sea level rise in this site of 1.20±0.30m. The difference
between the predicted sea-level value of Lambeck et al. (2011) and the
measurement is about of 0.10m, probably due to the poor conditions of
the identified piers, which have been partially destroyed.

In the Punta Campanella Imperial villa, the investigation focused on
the western harbour characterized by a perfectly preserved quay nes-
tled into the limestone sea cliff. Here, the submersion of the top was
measured and corrected with respect to the functional height,
highlighting a sea level rise over the past 2000 years of 1.10 ± 0.30 m,
which matched perfectly with the theoretical model here used
(Lambeck et al., 2011).
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Fig. 13.Morpho-dynamic trends of the northern sector of Sorrento Peninsula coastline over the last 2000 years.
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The measurements taken at four geoarchaeological sites of the Sor-
rento Peninsula give different values for the relative sea level rise occur-
ring there since the 1st century AD (Table 2).

Each measurement involves an uncertainty due to both the state of
preservation of the measured archaeological proxy and uncertainties
regarding its original elevation (Auriemma and Solinas, 2009).

As shown in Fig. 12, a comparison of all the measurements taken
(Fig. 12B) and a comparison with a tectonically stable site of the
Tyrrhenian coast of Italy (Torre Astura, with a well preserved Roman
fishpond, Lambeck et al., 2004a, 2011) and with the eustatic model of
Lambeck et al. (2011) (Fig. 12A), highlights that those deriving from
the best preserved ruins (Sorrento fishpond and Punta Campanella
quay) match almost perfectly the value obtained at Torre Astura, espe-
cially if the tidal fluctuation of ±0.30 m is considered.

As to the fluctuation of the coastline over the last 2000 years, there
are a few meters of cliff retreat at Sorrento, an inappreciable change
on the plunging cliff in hard limestone of Punta Campanella end Capo
di Sorrento and, finally, great fluctuations at Seiano site, where the
coastal dynamics were greatly influenced by the alluvial events follow-
ing the eruption in 79 CE (Fig. 13).
7. Conclusions

The geoarchaeological study of the northern sector of the Sorrento
Peninsula, in the Gulf of Naples, made it possible to reconstruct and in-
terpret the historical coastal landscape, in terms of the interaction be-
tween endogenous and exogenous factors, such as volcanic eruptions,
floods, coastal erosion, and the human settlement of coast.

The historical evolution of this coastal sector has been influenced by
sea level rises due to the glacio-hydro-isostatic effect (sensu Lambeck et
al., 2011) and wave erosion, which have led to the submersion and re-
treat of the coast. Locally, this trend has been influenced by pyroclastic
fallout related to the 79 CE eruption of Vesuvius (Fig. 13).
While along the limestone high coasts the submersion has not pro-
duced significant morphological changes, along the tuff sea cliff this
submersion has been accompanied by sea cliff pure retreat, reaching a
maximum value of 15 m (corresponding to a rate of 7.5 mm/y).

Along the pocket beaches alternating with the high rocky coast on
the other hand, the abovementioned submersion has probably not al-
ways led to a retreating coastline. In fact in the case of Seiano, the fluvial
inputs with high sediment load following the 79 CE eruption, advanced
the coastline N200m but only for several decades. Due to thewave ero-
sion the coastline quickly retreated to the original position.

Finally in this study, for the first time, the northern sector of the Sor-
rento Peninsula was studied in order to evaluate the relative sea level
rise in the last two millennia, and the obtained data confirm a substan-
tial stability in terms of regional tectonics. This behaviour started many
thousands of years ago, not later than the Last Interglacial (Brancaccio et
al., 1978; Cinque and Romano, 1990; Riccio et al., 2001; Ferranti et al.,
2006; Iannace et al., 2015), in contrast to the adjacent depression of
the Gulf of Naples which is subsiding at rates of 1 or more mm per
year (Milia and Torrente, 2015). However, immediately north of the sta-
ble Sorrento Peninsula there are the subsiding sectors including the
Sarno R. plain, Vesuvian and Neapolitan coasts. The subsidence has
been proved on land by the lowered Roman beaches of ancient Neapolis
(Romano et al., 2013), Pompeii (Cinque and Romano, 1990; Pescatore et
al., 2001) and Herculaneum (at about 4 m b.s.l. from Cinque and Irollo,
2008) and, in the Gulf, by the anomalous position of the shelf break (be-
tween 140 and 180 m b.s.l., from Milia et al., 2003).
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