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ABSTRACT
Campi Flegrei is one of the widest and most dangerous active volcanic complexes in the
Mediterranean basin, known to be affected by continuous and sudden vertical ground
movements (bradyseismic crisis) that have characterized the post-calderic volcanic activity
since the Late Pleistocene and particularly during the Roman period. Despite the intense
volcano-tectonic processes, the area has been densely inhabited since the Greek-Roman as
testified by several submerged archaeological remains here used as high-precision relative sea-
level markers. By using a complex multi-technique approach made of direct, indirect morpho-
acoustic and optical surveys, and stratigraphic analysis, we present a detailed reconstruction of
the coastal landscape of Campi Flegrei and its surroundings between the Roman Late
Republican and Early Imperial ages. The coastal scenario aims to facilitate the comprehension
of how volcano-tectonic events influenced the evolution of this singular coastal landscape, and
how these interfered with human activity in terms of damages and adaptation.
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1. Introduction

The coastal landscape of volcanic areas evolves as a
result of the intimate interplay between volcanic
activities and exogenous forcing. However, the cli-
mate-driven Holocene relative sea-level rise has inter-
fered with their evolution producing a progressive
submersion often exacerbated by subsiding trends of
volcano-tectonic origin (Aucelli et al., 2020; Aucelli
et al., 2021; Budillon et al., 2020; Mattei et al., 2022).
In this context, Campi Flegrei is a complex volcanic
system setting within a poly-caldera structure (Figure
1) formed as a consequence of two explosive super
eruptions (the Campanian Ignimbrite dated at 39 ky
BP by Isaia et al., 2016 and the Neapolitan Yellow
Tuff dated at 15 ky BP by Deino et al., 2004) followed
by three epochs of volcanic activity (15 - 10.6 ky BP,
9.6 −9.1 ky BP, and 5.5 - 3.5 ky BP, Smith et al.,
2011 and references therein). The youngest phreato-
magmatic eruption occurred in 1538 AD (Monte
Nuovo; Di Vito et al., 1987).

The Campi Flegrei volcanic area has been charac-
terized since the Early Holocene by sudden vertical
ground movements (bradyseismic crisis) that have
induced great modifications in inland areas and
responsible of abrupt coastal changes (Aucelli et al.,
2017a). Despite this volcano-tectonic activities,

intense urbanization of the area occurred after the
foundation in 194 BC of the Roman colony of Puteoli
(located in the center of the modern Pozzuoli), which
soon became the major commercial port of Rome.

During the Roman period, and in particular
between the 1st century BC and the 1st century AD,
an overall subsiding trend shortly interrupted by
metric uplift (Aucelli et al., 2021) occurred in Campi
Flegrei and its surroundings (Aucelli et al., 2019; Bel-
lucci et al., 2006; Cinque et al., 1997; Morhange et al.,
2006; Pappalardo & Russo, 2001; Passaro et al., 2013;
Troise et al., 2007), causing sensible coastline modifi-
cations that induced adaptation reactions well proved
by archaeology. For example, in 12 BC the Roman
military fleet had to be definitely outscored from Por-
tus Julius (built in 37 BC) to Portus Misenum (i.e. port
of Miseno), outside the unstable caldera (Passaro et al.,
2013). Another example comes from the Macellum
building of Pozzuoli (Figure 1), whose ground floor
(constructed in the 2nd century BC) finished under
the sea level and, afterward, was reconstructed about
2 m higher around 80 AD (Dvorak & Mastrolorenzo,
1991; Levi, 1969).

The overall subsidence reached its maximum
between 334–527 A.D, and 1336–1454 A.D. as proved
by the Lithophaga perforations visible at about 7 m asl
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on the still-standing columns of the Roman market
(14C dating in Morhange et al., 2006) in Pozzuoli.

Even if this tectonic behavior inverted its trend
after the Monte Nuovo eruption, the Roman seascape
between Baia and Naples, passing through Pozzuoli, is
presently still submerged (Figure 1, red polygons).

We surveyed all the submerged archaeological
remains of Roman Age (Figure 1, red polygons) in
order to study the effect of volcanic and volcano-tec-
tonic events on the evolution of the coastal landscape
of this active volcanic area, reconstructing damages
and human adaptation (Aucelli et al., 2017b) related
to the abovementioned landmass movements.

The map aims to propose a paleo-geographic recon-
struction of the period of maximum Roman urbaniz-
ation between the 1st century BC and the 1st century

AD obtained by overlying new data from our surveys
and geoarchaeological data described in the previous
studies (Bellucci et al., 2006; Dvorak & Mastrolorenzo,
1991; Morhange et al., 1999; Morhange et al., 2006;
Todesco et al., 2014) in order to provide new knowl-
edge on the effects of a volcano-tectonic subsiding
trend on the accelerated sea-level rise due to the
ongoing climate change, in terms of coastal modifi-
cation and consequent human adaptations.

2. Methods

In this study, a multi-method approach including
direct and indirect methods (Figure 2) was applied
to the main coastal sectors with submerged or semi-
submerged archaeological structures of the Roman

Figure 1. Geological and geomorphological map of the study area (after Ascione et al., 2020).
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age, in order to obtain an extensive mapping of the
ancient coastal landscape. In particular, data from
detailed direct surveys were overlaid with new coring
data, photo-interpretation, morphometric analysis of
high-resolution Digital Terrain Models (DTMs)
from Lidar and bathymetric data, and analysis of mor-
pho-acoustic and optical data measured with different
instruments.

2.1. Morphoacoustic surveys

The 34% of coastal sectors were surveyed through a
multibeam echo sounder (MBES) system equipped
with a SeaBat7125 sonar (400 kHz; Caporizzo et al.,
2021). The acquired bathymetric data were processed
using the Teledyne PDS editing module, corrected for
the tidal datum, and finally elaborated in the ArcGIS
environment to calculate a high-resolution DTM of
the seafloor (0.25 × 0.25 m cell size).

In specific sectors with sufficient bathymetry and a
high presence of archaeological structures, an acoustic
mapping of the seabed was carried out by a GeoAcous-
tics dual-frequency (114/410 kHz) SSS (Side Scan
Sonar) system (MOD259). The derived sonographs
were combined in a mosaic and subjected to backscat-
tering analysis to define the different nature of the tar-
gets and their morphological characterization.

2.2. ARGO system (SSS, SBES, photogrammetric
survey)

The survey of critical areas, due to shallow water con-
ditions and the presence of semi-submerged archaeo-
logical structures, was carried out with a prototype of

unmanned surface vessel (USV). ARGO project is a
framework of sub-systems, resulting from an open-
prototyping project applied to underwater geoarch-
aeological research (Mattei et al., 2018a; Mattei
et al., 2020a). This small catamaran-like drone
(1.20 × 0.86 m; Figure 3) follows a modern multi-
modal mapping approach involving the simultaneous
and integrated use of both optical and geo-acoustic
sensors. The geo-acoustic sensors are a single-beam
echo sounder (SBES, Ohmex SonaLite) with 200
kHz acquisition frequency and 80 m as maximum
measured depth and a sides scan sonar (Sonar Tritech
Side-Scan StarFish 450C) optimized for coastal waters
(450 kHz CHIRP transmission). These instruments
are embedded in the USV with an offset of a few
centimeters from the GPS. The photogrammetric sys-
tem consists of two Xiaomi YI Action cameras placed
parallel with the vertical axis, with a variable stereo-
scopic base chosen in relation to the bathymetry of
the study area and a GoPro Hero 3 forming an
angle of about 30 with the seabed. The transmission
of all acquired data in broadcasting allows the simul-
taneous work of a multidisciplinary team of special-
ists able to analyze specific datasets in real-time.

2.3. Direct surveys

The direct surveys carried out in this study included
extensive geological and geomorphological on-field
observations, often supported by archaeological
interpretations done by a team of experts in geoarch-
aeological underwater surveys.

Along the submerged sector of the study area, sev-
eral underwater geo-archaeological surveys were

Figure 2. A. Map of the study area with the distribution of the different surveys carried out along each coastal sector with archae-
ological structures.
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performed by a multidisciplinary team of specialized
scuba divers aiming at interpreting the underwater
landscape and detecting the submersion measurements
of different archaeological sea-level markers (SLMs, red
polygons in Figure 1) using a level staff or a depth
gauge. The submersion measurements were corrected
with respect to the water tidal level and used for the
determination of past sea-level positions.

2.4. Stratigraphic analysis

The archaeo-stratigraphic records analyzed in this
paper were reconstructed by overlying data from pre-
vious studies of the low-lying coastal areas and new
data from geoarchaeological excavations made by Tec-
noIn Spa in the last 20 years. Particular attention was
paid to the recognition of anthropogenic intervals (i.e.
loose mixture of yellow tuff slabs and mortar related
tomasonry works) and to the recovery of all the archae-
ological remains (such as pottery and mosaic frag-
ments) present in some littoral strata. This was aimed
to chronologically constrain those strata establishing
the ante- and post-quem time relationships between
the strata. The sedimentary succession of the analysed
boreholes (positioned in both main maps) provided
crucial information to reconstruct the coastal environ-
ments between the 1st century BC and 1st century AD.

2.5. Spatial data analysis

All data collected from the direct and indirect surveys
and archaeo-stratigraphic interpretations were

managed in a GIS environment (Amato et al., 2018)
and overlaid with emerged-submerged DTMs. In par-
ticular, while the elevations of the emerged sector
derived from LIDAR data provided by the Ministry of
Environment, bathymetric data in the map stem from
the CARG project by Campania Region. In both
cases, the altimetric datasets were interpolated by
using a Topo to Raster interpolator to obtain two accu-
rate DTMs for the emerged and submerged sectors with
a cell size resolution of 2 × 2 m and 5 × 5 m, respect-
ively. The coastal area was investigated in order to
reconstruct the coast morphology between the 1st cen-
tury BC and 1st century AD, consequently, evaluating
the overall coastal retreat/progradation trend affecting
the area. Spatial modifications in each coastal sector
were calculated by combining the geomorphological
interpretations and the archaeological evidence inter-
preted both as a witness of the ancient coastal landscape
and as relative-sea-level (RSL) markers of high
precision.

The internal area of the emerged DTM and the
deep sectors of the underwater one did not undergo
any changes, except for the Monte Nuovo area
where the cone was removed having formed during
the eruption of 1538 AD.

2.6. Archaeological sea-level markers

According to Table 1, based on their direct/indirect
relationship with the former sea level, the archaeologi-
cal SLMs identified in this research can be classified as
terrestrial limiting points (TLPs), useful for the

Figure 3. Photos of: A) Argo marine drone in action during a survey performed along the coastal sector around Castel dell’ Ovo; B)
SSS transducer during the survey at Baia; C) Borehole drilled at Pozzuoli; D) Direct survey at Portus Julius.
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establishment of the upper limit of the former sea-
level position (i.e. buildings and/or infrastructure
remains as pavements and paved roads), and high pre-
cision sea-level index points (SLIPs; i.e. crepido and
sluice gates of fish tanks and/or concrete change detec-
tion in roman pilae).

In particular, in the case of a SLIP the position of
the ancient sea level can be calculated as follows:

SLIP = A− FC − IR
2

where A is the elevation above MSL, FC is the func-
tional clearance (i.e. specific minimum elevation of
each structure above the MSL at the time of its con-
struction; Aucelli et al., 2020; Aucelli et al., 2021; Mat-
tei et al., 2020b) and IR is the Indicative range (i.e.
elevation range over which the marker forms; Shen-
nan, 2015).

The RSL data derived from the archaeological SLMs
were compared with a certain number of glacial- and
hydro-isostatic adjustment (GIA) models specifically
created for the study area (Mattei et al., 2022) in
order to isolate the GIA-driven RSL component
from the volcano-tectonic one.

In this regard, a suite of RSL curves were produced
by using the sea level equation solver SELEN (Spada &
Stocchi, 2007) coupled with three ice-sheet models
(ICE-5 G, Peltier, 2004; ICE-6 G, Peltier et al., 2015;
ANICE-SELEN, de Boer et al., 2014). The sea-level
equation has been solved for a total of 54 models
assuming different values for both the lithosphere
thickness and the lower and intermediate mantle vis-
cosity. Finally, the vertical displacement related to
each SLM was calculated in a Python environment
(Spyder – Anaconda3) through the use of a Bayesian

statistical approach implying Monte-Carlo simu-
lations (Mattei et al., 2022 and references therein).

3. Results and discussion

The identification of numerous archaeological SLMs
along the whole coastal sector (Tables 2–4) and their
integration with bibliographic sources (Paoli, 1768;
Guadagno, 1994; Amato et al., 2000; Buonaguro,
2008; Camodeca, 2011; Gianfrotta, 2011) and geomor-
phological field data, allowed the reconstruction of the
map of the Roman coastal landscape of Campi Flegrei
and its surroundings providing crucial information on
the main morphoevolutive prograding/retreating
trends in the last 2000 years.

In general, the coastal landscape of the Campi Fle-
grei and its surroundings are characterized by rugged
tufaceous sea cliffs alternated with small bays,
occasionally hosting narrow coastal plains. During
the Roman period, this fascinating scenario was
strongly and continuously modified by the sustained
interplay between human interventions, GIA, vol-
cano-tectonic subsidence and sloping, and alluvial
and coastal processes.

In particular, the inner Campi Flegrei caldera
(Main Map 1) was bordered by active sea cliffs. How-
ever, the coastal sector between Baia and Miseno
(Main Map 1) was characterized by raised paleo-
shore platforms, probably shaped during the 3rd erup-
tive epoch (5.5 - 3.5 ka BP, Smith et al., 2011), when a
decametric subsidence and Late Holocene GIA-driven
RSL rise (Isaia et al., 2019) produced the flooding of
the whole Neapolitan Yellow Tuff caldera. Several
Roman coastal structures such as ports, fish tanks,
and nymphaeums were laid on sub-horizontal

Table 1. List of sea-level markers (SLMs) identified in the study area: SLM type (sea-level index point – SLIP or terrestrial limiting
point – TLP; column 1); interpreted archaeological feature (column 2); Functional clearance (FC expressed in meters; column 3);
Indicative Range (mean high water – MHW, mean low water – MLW, medium sea level – MSL; column 4); Examples of different
markers identified through their ID-number which pictures are presented in the main maps (Map 1 – from Fusaro Lake to Nisida,
and Map 2 – from Nisida to Municipio Plain; column 5).
Type Feature FC IR ID Maps

SLIP Top sluice gate – fish tank 0.2 from MHW to MLW #05 Map1
SLIP Lower crepido – fish tank 0.2 from MHW to MLW #01 Map1

#29 Map2
SLIP Concrete change – pier 0.5 from MHW to MLW #13 Map1

#18, #26 Map2
TLP Pavement – building above former MSL above former MSL #08, #10 Map1

#20, #23, #28 Map2
TLP Top breakwater – infrastructure above former MSL above former MSL #11 Map1

Table 2. Sea-level markers (SLMs) identified in the coastal sector ranging from Fusaro Lake to Miseno Cape: SLM ID (column 1);
Age (expressed in ka BP, column 2); SLM type (sea-level index point – SLIP or terrestrial limiting point – TLP; column 3); interpreted
archaeological feature (column 4); RSL and related uncertainty (expressed in meters, column 5); vertical displacement and related
uncertainty (VD; expressed in meters, column 6); Source (column 7). Data from Mattei et al., 2022.
ID Age SLM Feature RSL ± 2σ VD ± 2σ Source

#01 2.00 SLIP Top sluice gate - fish tank −3.3 ± 0.29 −2.56 ± 0.46 New data
#02 2.00 TLP Pavement − building <−2.69 ± 0.07 − New data
#03 2.01 SLIP Lower crepido − fish tank −3.20 ± 0.29 −2.47 ± 0.45 Mattei et al. (2022)
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platforms originated by the combined action of wave
erosion and tuff quarrying.

Similarly, also the gently sloped sea cliff along the
outer margin of the Campi Flegrei caldera, like those
of the Posillipo sector (Main Map 2), appeared bor-
dered by narrow shore platforms, sculptured during
the Late Holocene RSL rise where pilae, fish thanks
and breakwaters were built.

Despite overall subsidence with differential rates
affecting the whole study area, the coastline of the
low-lying sectors was pushed several tens of meters
seaward by the casting of anthropogenic infillings, as
in the case of the Portus Julius neighborhood (Main
Map 1), or stabilized by the construction of ports, vil-
las, and roads, as the case of Chiaia-Municipio plain
(Main Map 2). The intense human occupation of
Campi Flegrei and its surroundings lasted until the
5th century AD when the fall of the Roman Empire
coincided with accelerated subsidence inside the cal-
dera, which produced a RSL rise up to +7 m MSL
and consequent coastal flooding that lasted some cen-
turies. On the other hand, almost at the same time, in
Naples, the ‘Neapolis Port’ was buried by the huge
pyroclastic fall related to the sub-Plinian Vesuvius
eruption occurred in 472 AD.

In the following sections, the coastal landscape
reconstructed in each of the two 1:20.000 maps is
described in detail.

3.1. From Fusaro Lake to Rione Terra – Map 1

During the 1st century BC, the coastal stretch
between the ancient Acherusia Palus (i.e. Fusaro
Lake) and Miseno Cape was characterized by an
alternate of high- and low-coast sectors. In particular,
the shoreline near the Fusaro lake was constituted by
a low coast with a length of about 3.0 km and made
of a spit sandy barrier (Strabo, Geographica V) with
a width of about 0.18 km laying between the coastal
lagoon and the open sea (De Pippo et al., 2007).
According to Seneca (Epistula, LV, 2) and Strabo
(Geographica, V), the spit went through a very fast
growth that lasted only 40 years and extended
towards Torregaveta Promontory, recording an over-
all coastal progradation of about 0.2 km during the
last 2.0 ka.

Starting from Torregaveta headland (Figure 4C), a
high coast sector reaching a maximum elevation of
100 m extends for about 4.0 km. Here the coastal land-
scape was characterized by the presence of the

Table 3. Sea−level markers (SLMs) identified in the coastal sector ranging from Miseno Cape to Nisida: SLM ID (column 1); Age
(expressed in ka BP, column 2); SLM type (sea−level index point − SLIP or terrestrial limiting point − TLP; column 3); interpreted
archaeological feature (column 4); RSL and related uncertainty (expressed in meters, column 5); vertical displacement and related
uncertainty (VD; expressed in meters, column 6); Source (column 7). Data from Mattei et al., 2022.
ID Age SLM Feature RSL ± 2σ VD ± 2σ Source

#04 1.97 SLIP Top sluice gate − fish tank −4.20 ± 0.29 −3.49 ± 0.45 Aucelli et al. (2021)
#05 2.01 SLIP Top sluice gate − fish tank −4.00 ± 0.29 −3.27 ± 0.45 Aucelli et al. (2021)
#06 2.02 SLIP Top sluice gate − fish tank −4.20 ± 0.29 −3.30 ± 0.44 Aucelli et al. (2021)
#07 2.05 TLP Top breakwater − infrastructure <−5.80 ± 0.07 − Mattei et al., (2022)
#08 1.84 TLP Pavement − building <−6.10 ± 0.07 − Mattei et al., (2022)
#09 1.87 SLIP Top sluice gate − fish tank −6.90 ± 0.29 −6.22 ± 0.43 New data
#10 1.90 TLP Pavement − building <−5.30 ± 0.07 − Mattei et al., (2022)
#11 2.25 TLP Top breakwater − infrastructure <−7.00 ± 0.07 − New data
#12 1.96 SLIP Top sluice gate − fish tank −3.10 ± 0.29 −2.40 ± 0.44 Aucelli et al. (2020)
#13 1.98 SLIP Concrete change − pier −3.10 ± 0.29 −2.38 ± 0.45 Aucelli et al. (2020)
#14 2.02 TLP Pavement − building <−5.20 ± 0.05 − Aucelli et al. (2020)
#15 1.84 TLP Pavement − building <−4.50 ± 0.07 − New data
#16 1.84 TLP Pavement − building <−4.00 ± 0.07 − New data
#17 1.97 TLP Concrete change − pier <−3.00 ± 0.07 − New data

Table 4. Sea−level markers (SLMs) identified in the coastal sector ranging from Nisida to Municipio coastal plain: SLM ID (column
1); Age (expressed in ka BP, column 2); SLM type (sea−level index point − SLIP or terrestrial limiting point − TLP; column 3);
interpreted archaeological feature (column 4); RSL and related uncertainty (expressed in meters, column 5); vertical
displacement and related uncertainty (VD; expressed in meters, column 6); Source (column 7). Data from Mattei et al., 2022.
ID Age SLM Feature RSL ± 2σ VD ± 2σ Source

#18 1.95 SLIP Concrete change − pier −3.10 ± 0.21 −2.40 ± 0.39 Mattei et al. (2018b)
#19 1.95 SLIP Top sluice gate − fish tank −3.00 ± 0.28 −2.29 ± 0.44 Aucelli et al. (2019)
#20 1.97 TLP Pavement − building <−4.40 ± 0.07 − Aucelli et al. (2018)
#21 1.97 SLIP Concrete change − pier −4−4 ± 0.50 −3.68 ± 0.60 Aucelli et al. (2018)
#22 1.95 SLIP Concrete change − pier −2.90 ± 0.50 −2.19 ± 0.60 Aucelli et al. (2019)
#23 1.95 TLP Pavement − building <−3.20 ± 0.07 − Aucelli et al. (2019)
#24 1.95 SLIP Concrete change − pier −2.0 ± 1.00 −1.30 ± 1.05 Aucelli et al. (2019)
#25 1.95 SLIP Concrete change − pier −2.40 ± 1.00 −1.69 ± 1.05 Aucelli et al. (2019)
#26 1.97 SLIP Concrete change − pier −5.0 ± 1.00 −4.29 ± 1.05 Aucelli et al. (2019)
#27 1.95 TLP Pavement − building <−3.5 ± 0.07 − Aucelli et al. (2019)
#28 1.97 TLP Pavement − building <−4.5 ± 0.07 − Aucelli et al. (2019)
#29 2.00 SLIP Lower crepido − fish tank −2.2 ± 0.21 −3.78 ± 0.35 Pappone et al. (2019)

Mattei et al., (2020b)
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maritime villa belonging to the console Publius Servi-
lius Vatia Isauricus (Seneca, Epistula, LV; Caputo,
2006; Figure 4A) with the annexed fish tank and nym-
phaeum (ID#01-02, Table 2). Behind the fish tank, a

rocky platform of mixed natural and anthropic origin,
with an extension of about 50-60 m, emerged, cut by a
series of connected channels. Due to the presence of
these archaeological findings and their interpretation,

Figure 4. A. Semi-submerged archaeological remains of Vatia Villa at Torregaveta; B. detail of the fish-tank complex remains at
Lucullus Villa along the western side of Miseno Cape; C. View from the south of Torregaveta Promontory; D. View of the sea cliffs of
Monte di Procida.
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it was possible to assess an overall sea cliff retreat for
the last 2.0 ky of about 0.13 km.

Moving forward, southeast from Monte di Procida
seacliff (Figure 4D), the low-coast stretch of Miliscola
beach extended for 1.8 km, with a maximum width of
about 0.18 km, up to Capo Miseno headland. The lat-
ter, made of high rocky coast with a maximum height
of 160 m, was characterized by the presence on its wes-
tern side, nearby the Dragonara Cave, of a complex of
fish tanks historically attributed to the Roman poli-
tician Lucullus (Figure 4B; Benini et al., 2008; ID#03,
Table 2). From the 1st century BC, while by Miliscola
beach the coastal sector was affected by a prevailing
coastal progradation of about 0.13 km, at Miseno
Cape, a slight coastal retreat of 0.04 km has been
recorded with peaks along its western side of about
0.08 km.

The coastal stretch extending fromMiseno Cape up
to Nisida Island was one of the sectors more interested
in extensive coastal anthropisation testified by an
uninterrupted presence of archaeological
findings (Busen, 2016).

Ranging from the eastern side of Miseno Cape to
the northern sector of Punta Pennata Island, the
area was characterized by a high rocky coast with a
length of about 2.5 km, except for the small bay occu-
pied by Portus Misenum (i.e. Miseno Harbour; Paget,
1971). The inlet was bordered to the south by the
rocky spur of Punta Terone, where a fish tank was
present at the time probably related to a maritime
villa constructed before the military harbor at the
end of the 1st century BC (ID#04, Table 3), and it
was connected with the innermost Lacus Misenum
(i.e. Miseno Lake) by an artificial channel (Iliano,
2017). On the opposite side, Punta Pennata (Figure
5A; Maiuri, 1963; Iliano, 2017) hosted a maritime
villa built in the 1st century AD with some rooms
on a paleo-shore platform emerged at that time
(Benini & Lanteri, 2010).

During the last 2.0 ka, this sector was characterized
by a general coastal retreat with a peak of 0.28 km
recorded within Miseno Bay and much lower values
of about 0.04 km along the eastern margin of Miseno
Cape and the high coast protracting for 1.2 km north
from Punta Pennata Island, connected to the main-
land during the 1st century BC (Aucelli et al., 2021).

Heading north, from Garibaldi dock up to Baia
Castle (Figure 5B), the coastal landscape of the 1st cen-
tury BC was mainly characterized by the presence of a
paleo-seacliff bordered by an emerged platform most
likely enlarged by anthropogenic action (nowadays
totally submerged) that is the evidence of a general
coastal retreat of about 0.1 km occurred in a period
preceding the Roman occupation. Along this coastal
sector, several thermal baths (resting on the platform)
and maritime villas were built (Miniero, 2010a; Gui-
done et al., 2017, Iliano, 2017), as presently testified

by the remains of a fish tank related to the Hortensius
Hortalus Villa (ID#05, Table 3; Di Fraia, 1993) and
that of a fish tank interpreted as a part of Caesar’s
domains (ID#06, Table 3; Miniero, 2010b).

North of Baia Castle, the landscape during the 1st
century BC was strongly anthropized and bordered
to the East by the ancient port inlet of Lacus Baianus
(ID#07, Table 3; Maniscalco, 2004; Brandon et al.,
2008). This sheltered embayment is the result of mar-
ine erosion on the emerged flanks of the Fondi di Baia
volcano. The area hosted numerous luxurious build-
ings such as Protiro Villa (Di Fraia, 1993), Pisonis
Villa with its thermal complex and fish tank
system (Di Fraia et al., 1986; Di Fraia, 1993; Passaro
et al., 2013), and Claudius Nymphaeum (Benini,
2004; Lombardo, 2009) at Punta Epitaffio (Figure
5C; ID#08-10, Table 3).

At the time, a huge breakwater nowadays impro-
perly ascribed to the Via Herculanea (ID#11, Table
3) was built on nearshore sediments extending NE
from Pisonis Villa for 1.2 km and isolating the
ancient Lacus Lucrinus (i.e. Lucrino Lake) from the
open sea. The breakwater was interrupted in the cen-
tral part by the entry channel of Portus Julius, one of
the most important infrastructures of the time in
which several remains (ID#12-14, Table 3), including
a well-preserved fish tank, and several pilae and
buildings (i.e. a maritime villa of the beginning of
the 1st century BC and numerous warehouses; Gian-
frotta, 2012).

In particular, during the 1st century BC, the Lacus
Lucrinus was a closed lagoon wider than the present
day, used for oyster farming, and connected through
an artificial channel to the innermost Lacus Avernus
(i.e. Averno Lake), a volcanic crater formed during the
3rd eruptive epoch of Campi Flegrei (4.1 ka BP, Smith
et al., 2011). Eastward, the plain was strongly modified
by an artificial infill (Amato&Gialanella, 2013) that pro-
duced an average 200-meter coastal progradation on
which the harbor districts of Vicus Annianus and
Vicus Lartidianus (ID#15-16, Table 3) were built.

In general, the strongly anthropized coastal sector
experienced an overall coastal retreat with maximum
values of 0.5 kmmainly related to the Middle Age sub-
sidence that brought the RSL up to 7 m MSL (Mor-
hange et al., 2006).

Finally, the 370-m long Molo Caligoliano and its
numerous pilae (ID#17, Table 3; Camodeca, 1994)
were built in that years at the foot slopes of the ancient
tuff cone of Rione Terra (Figure 5D), where the
Roman colony of Puteoli was established in 194 BC.

3.2. From Rione Terra toMunicipio Plain –Map 2

Ranging from Rione Terra to Bagnoli-Fuorigrotta
plain, the area was characterized by 3.0 km of high
coast followed by a 2.7-km long sector of sandy low-
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Figure 5. A. The southern side of the Island of Punta Pennata and one of the three Roman tunnels that pass through it; B. View
from the north of Baia Castle; C. View from the south of Punta Epitaffio; D. View from the sea of Rione Terra in Pozzuoli.
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coast with an almost stable coastline position slightly
prograding (Calderoni & Russo, 1998).

Posillipo hill during the 1st century BC was consti-
tuted by a continuous 6-km long rocky coast mainly
made in Neapolitan Yellow Tuff (Deino et al., 2004),

which was characterized by the presence of several
submerged platforms (Caporizzo et al., 2021) on
which different maritime villas and infrastructures
were built. It hosted the huge complex of Pausilypon
Villa, built on various terraces sloping down toward

Figure 6. A. View from NE of Nisida Island; B. View from the sea of Posillipo coast with the famous palazzo degli Spiriti in the
center; C. View from the sea of Posillipo sea cliffs with part of Rosebery Villa built on the top; D. View from the sea of Castel
dell’ Ovo.
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the sea, on both sides of the Gaiola valley. It extended
from west of Trentaremi bay to east of the Marechiaro
area, also including the so-called Palazzo degli Spiriti
and the Nisida and Marechiaro harbors annexed to
the villa (Gunther, 1913; Simeone & Masucci, 2009).

Nisida island (Figure 6A), a tuff cone formed
during the last stages of the 3rd eruptive epoch of
Campi Flegrei (3.8 ka BP Smith et al., 2011), was
already shaped in a sheltered bay due to the marine
erosion of its south-western flank. It hosted a port
connected to the mainland by an isthmus crossed by
a tunnel. The remains of a Roman pila (ID#18,
Table 4; Mattei et al., 2018b) belonging to the port
and those of the fish tanks of Pausilypon Villa
(ID#19, Table 4; Pagano, 1980), close to the modern
Gaiola Island, helped in the establishment of the coast-
line position during the 1st century century BC and
the evaluation of a coastal retreat since that time
with maximum values of about 0.2 km that led to
the formation of the present island.

Moving NE, the fascinating coastal landscape was
articulated in a rugged coastline with sheltered small
bays. The first part was characterized by a northeast-
southwest orientation and the presence of different
structures, including Palazzo degli Spiriti, Marechiaro
port (Figure 6B), and Rosebery Villa (ID#20-28, Table
4), and a second one, extending toward Chiaia-Muni-
cipio Plain, with a more pronounced NS orientation.

During the Roman period, a supposedly sudden 2-
meter subsidence of volcano-tectonic origin produced
a decametric coastal retreat that induced the restor-
ation of all the coastal structures (Aucelli et al.,
2018). After that time, while the southern sector was
not affected by a significant coastline migration during
the last 2.0 ka, with the exception of Posillipo Cape
(Figure 6C) which suffered a sea-cliff retreat of about
0.2 km, the northernmost was affected by an average
coastal retreat with maximum values of about 0.1 km.

Further East, the Chaia-Municipio plain appeared
strongly anthropized due to the construction, during
the 4th century BC, of the huge Neapolis harbor and
several maritime villas, like the one on the islet of
Megaris (nowadays Castel dell’Ovo, Figure 6D; Pap-
pone et al., 2019). Traces of dredging (Di Donato
et al., 2018) in the port basin suggest continuous
human interventions to counteract the general pro-
grading trend of this low sandy coast with a length
and a width of about 2.3 and 0.1 km,

While Chaia-Municipio Plain exhibited a general
coastal progradation that reached 1.6 km after the
Roman period, the area of Pizzofalcone promontory
and the facing Megaris Islet has been characterized
by a coastal retreat as testified by the presence of
paleo-shore platforms extending 25–30 m seaward
on which an ancient fish tank was located (ID#29,
Table 4), probably related to the presence of the Lucul-
lus Villa on the small island.

4. Conclusion

The paleo-environmental reconstruction obtained in
this study underlines the complex interaction between
the volcano-tectonic activity and glacio-idro-isostatic
sea-level rise, occurred in the last 2000 years, that
has resulted in substantial coastal changes interesting
both the outer and inner parts of Campi Flegrei cal-
dera. On the other hand, the adoption of a transdisci-
plinary approach aimed at collecting high-resolution
data on the ancient RSLs through a multi-proxy analy-
sis overlaid with extensive mapping from morpho-
acoustic and optical surveys led to obtaining robust
interpretations of the ancient coastal conformation.

In conclusion, this map represents a useful carto-
graphic product to understand the potential coastal
trends of an active volcanic area under the interplayed
effects of volcanic-tectonic landmass movements and
ongoing climate changes.
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