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Combined volcano-tectonic processes R

for the drowning of the Roman western coastal
settlements at Campi Flegrei (southern Italy)

Stefano Vitale ® and Jacopo Natale®

Abstract

The active Campi Flegrei caldera in southern Italy has a remarkably long history of coexistence between volcanism
and human settlements, and it is famous for its peculiar slow ground movement called bradyseism, i.e. episodes of
inflation and deflation of the caldera floor due to magmatic and/or hydrothermal processes. This natural phenom-
enon has interacted with the civilization that inhabited this strategic and fertile area, especially in Roman times, when
the sinking of the coast hindered the flourishment of Puteoli and Baiae coastal towns. The drowning of a large part
of Republic-early Imperial Roman coastal buildings, west of the modern Pozzuoli town, is classically used to illustrate
the bradyseism activity. In this paper, we investigate the spatial variability and the role of this phenomenon, demon-
strating that the caldera deflation alone cannot account for the submersion of Roman facilities in the western sector
where the harbour structures of Portus lulius and luxury villas of the Baianus Lacus presently lie beneath sea level.

On the contrary, the sinking of this area is mainly the result of the activity of volcano-tectonic faults. We restored the
topography to 100 BCE using archaeological and high-resolution topographic data. Results show that the several
metres of vertical displacement recorded in the Baia area in the last 2100 yr were mainly produced by the activity of
normal faults and secondarily by caldera deflation, the former including the long-lived Baia Fault and the younger
normal faults associated with the Monte Nuovo eruption at 1538 CE.
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Introduction

People have inhabited the area of Campi Flegrei (Fig. 1a;
southern Italy) since 10 ka, and lastingly since the Eneo-
lithic (e.g., Costa et al. 2022). Due to the strategic posi-
tion, fertile soils, and accessible resources, Greeks first
and Romans then built along the coast different towns,
including Cumae (Cuma), Puteoli (Pozzuoli), Misenum
(Miseno), Bauli (Bacoli), and Baiae (Baia; Fig. 1a). In this
context, the life of Romans has dealt with the complex
volcano-tectonic activity that characterized the history
of the Campi Flegrei from the Late Imperial period on,
when part of the western sector of the caldera was grad-
ually submerged. In fact, in the last 2100 yr, the central
sector of the caldera experienced alternating phases of
ground subsidence and uplift with maximum values cen-
tred in the Pozzuoli area. This phenomenon, associated
with magmatic and/or hydrothermal processes, is locally
indicated by the historical term of bradyseism (e.g., Par-
ascandola 1947; Orsi et al. 2022). Geological and archae-
ological studies carried out in the last decades allowed
the reconstruction of the vertical ground displacement
from Roman times (Bellucci et al. 2006; Del Gaudio et al.
2010; Dvorak and Mastrolorenzo 1991; Morhange et al.
1999, 2006; Di Vito et al. 2016; Fig. 1b) for the central
caldera sector (Serapis Temple; Fig. 1a). These studies
indicate that ground uplift and subsidence have alter-
nated through time (Fig. 1b), with maximum values of
uplift and subsidence in the range of metres, centred
close to the Pozzuoli town, also preceding and follow-
ing, respectively, the 1538 CE Monte Nuovo eruption
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(Di Vito et al. 2016), resembling the same pattern of the
long-term (~ 10 ka) deformation (Natale et al. 2022a, b),
and of recent unrests (Bevilacqua et al. 2020; Isaia et al.
2019). Recently, the caldera experienced four major uplift
episodes (Fig. 1c). The main uplift occurred in 1982—-1984
(Berrino et al. 1984; De Siena et al. 2017). In contrast, the
ongoing unrest started in 2005 with a vertical displace-
ment rate one order of magnitude smaller than previ-
ous unrest episodes (Fig. 1c). The maximum uplift was
reached in 1984 with 3.82 m compared to the 1950 base-
line (Del Gaudio et al. 2010), recorded at levelling bench-
mark 25A in the centre of Pozzuoli town (Fig. 1a). Such
unrest episodes may represent the short-term inflation
events that incrementally produce the long-term caldera
resurgence (e.g., Acocella 2019).

In the following analysis and discussion, we consider
the bradyseism phenomenon as the alternating ground
uplift and subsidence phases defined by an axis-sym-
metric bell-shaped pattern accordingly to the historical
reconstructions (e.g., Di Vito et al. 2016) and the recent
recordings (e.g., Amoruso et al. 2014; Berrino et al. 1984;
Bevilacqua et al. 2020; De Siena et al. 2017; Del Gaudio
et al. 2010; Dvorak and Mastrolorenzo 1991).

A scientific debate still exists on the origin of such
inflation/deflation deformation, whether it is related to
the magma intrusion, pressurization/depressurization
of the hydrothermal system, or a combination of both
(Amoruso et al. 2014; Battaglia et al. 2006; D’Auria et al.
2015; De Natale et al. 2006; Lima et al. 2009; Macedonio
et al. 2014; Todesco et al. 2006, 2014; Woo and Kilburn
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Fig. 1 a DEM of the Campi Flegrei caldera showing the main crater and caldera rims. b Vertical displacement of the Serapis Temple marble floor in
the last 2200 yr (data from Morhange et al. 1999; Bellucci et al. 2006). The sea-level change curve of the Campania sector is also shown (data from
Lambeck et al. 2011). ¢ Vertical displacement of the Serapis Temple marble floor (Pozzuoli) compared to the 1950 baseline until 2021 (modified after

Del Gaudio et al. 2010)
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2010). However, the discussion about the source of the
inflation/deflation deformation is beyond the scope of
this paper. At the same time, we focus on the competing
contribution to the deformation pattern between cal-
dera inflation/deflation processes and volcano-tectonic
faulting.

The rich heritage of Roman ruins and their relation-
ships with the geological history of the Campi Flegrei
has attracted scholars’ interest since the nineteenth
century (Lyell 1830-1833). The Serapis Temple (Macel-
lum, Roman market, Fig. 2a) soon became the symbol
of bradyseism, and the Lithophaga mollusc burrows,
together with other archaeological features, were used as
vertical markers for the reconstruction of ground move-
ments (Lyell 1830-1833; Bellucci et al. 2006; Morhange
et al. 1999, 2006; Parascandola 1947; Aucelli et al. 2020;
Marino et al. 2022). Because of ground subsidence, a
large part of the former Roman coast is presently under-
water (Fig. 2b-d), including the harbour (Portus Iulius;
Fig. 2b), the villas (Fig. 2c), and the Baianus Lacus area
(Fig. 2d, e). Since 37 BCE, the former Lucrinus Lacus was
connected with the Averno Lake by a narrow channel
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and hosted the harbour structures of the Portus Iulius
(Aucelli et al. 2020; Fig. 2e). This port was first built as
a military facility and then converted for commer-
cial purposes in the first century BCE, with the Roman
fleet (Classis Misenensis) later transferred to the nearby
Miseno harbour (Aucelli et al. 2020). The Portus Iulius
(Fig. 2e) was protected from the sea-storm waves by a
long coastal sand spit, on which, at the end of the late
Republic age, Romans built the road Via Herculanea,
connecting Punta Epitaffio to Puteoli (Fig. 2e), subse-
quently reinforced by a series of pilae, cubic concrete
blocks made up of a mixture of pozzolana (ash) and lime
(e.g., Rispoli et al. 2020), that served as a breakwater. The
shore along the Baianus Lacus was a residential area
that featured thermal facilities and luxury villas, includ-
ing Villa dei Pisoni and the Villa a Protiro (Fig. 2¢c, d).
The morphological high of Secca Delle Fumose (Smok-
ing Shoals; Fig. 2d, e) is present between these two sec-
tors and is currently characterized by hot gas emission
(Di Napoli et al. 2016; Vaselli et al. 2011). This part of the
coast was abandoned during the late Imperial Roman
period (fourth century) due to the relentless subsidence
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Fig. 2 aThe Serapis Temple picture shows the Lithophaga mollusc burrows along the marble columns and the marble floor (photo by the authors).
b Panoramic view of the submerged harbour structures of Portus lulius as seen from Monte Nuovo (photo by the authors). ¢ Submerged mosaic of
Villa a Protiro (courtesy of Edoardo Ruspantini and Parco Archeologico dei Campi Flegrei). d The map shows the presently submerged Portus lulius
and Baianus Lacus areas (modified after Somma et al. 2016). Locations of archaeological data (red dots) used for the topographic restoration are also
reported (data from Passaro et al. 2013). @ Morphological reconstruction of the Portus lulius and Roman coast (modified after Passaro et al. 2013; Di

Vito et al. 1987; Ascione et al. 2020)
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and subsequent marine ingression (Aucelli et al. 2020).
Presently this area is submerged by as much as 5-8 m,
constituting a marine protected reserve and an archaeo-
logical site (Parco Sommerso di Baia; http://www.parco
sommersobaia.beniculturali.it/it). Several studies on the
submerged Roman buildings highlighted the evidence of
the marine ingression that changed the coastline, among
others Passaro et al. (2013), using a DTM (Digital Ter-
rain Model) with 0.1 m maximum grid resolution in the
archaeological sites, estimated a mean subsidence rate
of 2.9 mm/y for the western area of Pozzuoli Gulf. The
Authors also emphasized that drowning was not equal
for all sectors, but it shows significant variations from
Baianus Lacus to Portus Iulius. Moreover, since Roman
times the sea level has risen only as much as about 1 m
along the Campania coast (Lambeck et al. 2011), unable
to account for the submersion of such structures. Indeed,
the submersion of Roman buildings is frequently used
as an example of the effect of bradyseism (Aucelli et al.
2017; Costa et al. 2022; Passaro et al. 2013). Nonetheless,
so far, no research has demonstrated this not trivial rela-
tionship. This study investigates the causes behind the
drowning of the western coast of Campi Flegrei, trying
to evaluate the contributions of two possibly combined
processes: caldera inflation/deflation deformation and
volcano-tectonic faulting.

The observations on the spatial distribution of ground
deformation in the past and in recent years are funda-
mental for adequately constraining deformation source
models; therefore, we used many archaeological, topo-
graphical and geological constraints available in the exist-
ing scientific literature.
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Geological setting

The Campi Flegrei is a ~ 12-km-sized active caldera with
about one-third submerged (Pozzuoli Gulf; Fig. 1a). The
current morphology resulted from several eruptions
since 80 ka, with two main ignimbrite events producing
the present-day shape of a nested caldera (e.g., Acocella
2008; Orsi et al. 2022 and references therein), namely
the Campanian Ignimbrite (CI, dated at~40 ka; Giac-
cio et al. 2017) and the Neapolitan Yellow Tuff (NYT,
dated at ~ 15 ka; Deino et al. 2004). Since the last caldera-
forming eruption, the volcanic activity focused within
the caldera rims with over 70 events clustered in three
main epochs of volcanic activity (Di Vito et al. 1999; Orsi
et al. 2004; Isaia et al. 2015, 2021; Bevilacqua et al. 2015,
2016) accompanied by intense seismo-volcanic activity
(Vitale et al. 2019; 2022). As a result, the nested caldera
comprises distinct structural rims (Vitale and Isaia 2014;
Fig. la). Recent studies of the caldera offshore (Natale
et al. 2022b) highlighted the presence of three dis-
tinct caldera rims referred to as inner, medial and outer
(Fig. 1a) associated with the CI eruption subsequently
reactivated with the NYT eruption. In the western cal-
dera sector, the inner rim is defined by several ~N-S
trending fault segments, including the Bacoli (Fig. 3a)
and Baia faults. According to Natale et al. (2022b), the
motion of the Bacoli Fault and, in general, of all the fault
segments of the western inner caldera (Fig. 1a) is coupled
with the dome resurgence, and were continuously active
in the last 10 kyr with a total displacement, referred to
the NYT top, of 30-50 m and a maximum displacement
rate ranging between 3 and 5 mm/y. Furthermore, the
Bacoli Fault shows the upper tip located~100 m b.s.l.
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with the overlying strata diffusely deformed (sensu Hardy
2013; Fig. 3a, b).

Although no seismic lines cross the Baia Fault, this
important structure shows morphological evidence of its
activity in the topography and bathymetry. It crosses the
Fondi di Baia volcano (Tarchini et al. 2019), down throw-
ing the eastern part, whereas, to the north, it bounds
the Punta Epitaffio tuff cliff (Fig. 1b), placing the old tuff
rocks (14 ka, Bevilacqua et al. 2016) in structural contact
with recent sediments. In addition, this fault is mapped
in the official cartography (ISPRA 2022) as an eruptive
fissure associated with the Baia—Fondi di Baia eruption
sequence (dated at ~ 9.6 ka; Pistolesi et al. 2017). Further-
more, as evidenced by the increased thickness of marine
sediments (La Starza Unit, Isaia et al. 2019; Vitale et al.
2019) in the Lucrino-Monte Nuovo area (Di Vito et al.
1999), the Baia Fault acted for a long-time at least since
10 ka, reactivating a segment of the inner ring faults
(Natale et al. 2022a, b).

Another important fault system in the western sector
is the Monte Nuovo Faults, associated with the 1538 CE
eruption, spanning from a few hundred metres south of
the current coast to the Monte Nuovo pyroclastic cone
(Fig. 3¢; Di Napoli et al. 2016). These faults are character-
ized by some normal faults likely related to dike-induced
faulting (sensu Trippanera et al. 2015), as suggested by

Table 1 Archaeological data
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the acoustic turbidity typical of dikes, such as observed in
seismic profiles (Wall et al. 2010). However, in this area,
like the Bacoli Fault, the Monte Nuovo Faults are blind
structures with continuous deformation above the upper
tip (Fig. 3¢), a typical feature for such faults considering
the low competence of the shallow infill of the Pozzuoli
Gulf.

Archeological data

To restore the effects of the volcano-tectonic defor-
mation on the topography, we tested five archaeologi-
cal sites from Passaro et al. (2013) and a 1 m resolution
Lidar-derived DEM (Digital Elevation Model) of the
area, acquired in 2013 by Citta Metropolitana di Napoli
(http://sit.cittametropolitana.na.it/), down-sampled to
10 m resolution, stitched to the high-resolution bathym-
etry of the Pozzuoli Gulf (Somma et al. 2016) (Fig. 1a).
Archeological data (Table 1) include the paved road of
the Via Herculanea (sites 1 and 4), Villa dei Pisoni com-
plex (sites 2 and 3) and the entry channel of the Baianus
Lacus (site 5) (Fig. 4a). According to the archaeologi-
cal reconstructions (Passaro et al. 2013) the paved road
of the Via Herculanea and the breakwater system of the
Villa dei Pisoni complex were built at 0.6+0.1 m a.s.L
(i.e. functional elevation), whereas the inner court of the

Name X Y V4 PFE Structure Age References

1 423,343.2 4,519,981 — 641 06+0.1 Paved road of the Via Herculanea 100 BC (Passaro et al. 2013)
2 4223119 4519,303 — 5941 1+0.1 Inner court of the Villa dei Pisoni complex 100 BC (Passaro et al. 2013)
3 4224119 4,519,152 —63+1 06+£0.1 Breakwater system of the Villa dei Pisoni complex 100 BC (Passaro et al. 2013)
4 422,488.2 4519476 — 6641 06+0.1 Paved road of the Via Herculanea 100 BC (Passaro et al. 2013)
5 422,188.1 4,519,031 — 641 1+£0.1 Entry channel of the Baianus Lacus 100 BC (Passaro et al. 2013)

Z actual depth (m below the actual sea level), PFE presumed functional elevation above the past mean sea level
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Fig. 4 aTopography and bathymetry of the Baia-Pozzuoli area in 2013. b Topography with the removal of the Monte Nuovo cone and products
such as reconstructed by Di Vito et al. (1987) and Ascione et al. (2020). ¢ Current elevations of the archaeological data and profile A-A, the latter

corresponding to the Via Herculanea
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Villa dei Pisoni complex and the entry channel of the
Baianus Lacus were built at 1£0.1 m a.s.L.

Following Passaro et al. (2013), for all 2013 eleva-
tion data, we used an uncertainty of 1 m, selecting these
archaeological data for their similar construction age
of ca. 100 BCE. Furthermore, we used the topographic
profile A-A’ (Fig. 4a) corresponding to the trace of the
Via Herculanea such as reconstructed by Passaro et al.
(2013), Di Vito et al. (1987) and Ascione et al. (2020),
whose age is about 100 BCE. Finally, we utilized a recon-
structed topography with the removal of the Monte
Nuovo cone and its products (Fig. 4b) in agreement with
the available archaeological and paleo-morphological
reconstructions (Di Vito et al. 1987; Ascione et al. 2020).

Topographic restoration

To investigate the volcano-tectonic causes of the drown-
ing of the western sector of the Campi Flegrei caldera, we
first evaluated the ground deformation effect related to
the caldera inflation/deflation (bradyseism) phenomenon
and, subsequently, the deformation associated with the
fault activity that affected the area surrounding Baia.

Caldera inflation/deflation restoration

In the Campi Flegrei, the bradyseism phenomenon
occurs as a ground deformation with a radial symmetry
characterized by maximum uplift and subsidence vertical
displacement values in the centre (Bevilacqua et al. 2020).
Repeated levelling, GNSS, and InSAR measurements
have focused on ground displacement (Amoruso et al.
2014; De Martino et al. 2021; Dvorak and Mastrolorenzo
1991; Iannaccone et al. 2018).

Figure 5a shows the normalized values of the vertical
displacement (Amoruso et al. 2014; Dvorak and Mas-
trolorenzo 1991) obtained by (i) levelling measurements
in different unrest periods both in uplift (1980-1983 and
1983-1984) and subsidence (1905/1907-1919,1985-
1988 and 1989-1992); (ii) GPS measurements for the
21 stations in different periods within the 2000-2019
interval. Figure 5c also shows the horizontal displace-
ment normalized to the maximum vertical displacement
obtained by (i) EDM measurements in the period 1980-
1983 (Amoruso et al. 2014 and references therein) and
(ii) GPS data (2000-2019) (De Martino et al. 2021).

Normalized data with respect to the maximum verti-
cal displacement indicate that the vertical and horizontal
components of the ground show the same shape, inde-
pendently of the time scale and the polarity of ground
deformation (inflation or deflation). In particular, the
normalized vertical displacement shows an axisymmet-
ric bell shape (Fig. 5a) with a maximum in the centre and
values approaching zero radially moving away from the
centre. This pattern is due to robust control of the caldera
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boundaries on the ground deformation; in fact, the recent
ground uplift and subsidence are confined within a circle
of ~ 6 km in diameter, corresponding to the caldera inner
rim (De Natale et al. 1997; Bevilacqua et al. 2020; Fig. 1a).

According to several authors (Bevilacqua et al. 2020; De
Martino et al. 2021; Iannaccone et al. 2018), the ongoing
radial deformation centre is located in the Pozzuoli Gulf,
with its surface projection located a few hundred metres
south of the benchmark 25A/GPS RITE station (Fig. 1a).
We used the point with UTM coordinates 426,200 m and
4,519,000 m as the deformation centre such as indicated
by Iannaccone et al. (2018) (Fig. 4b). Finally, we used the
vertical displacement recorded at the benchmark 25A/
GPS RITE station as the value that reasonably approxi-
mates the maximum displacement to normalize both ver-
tical and horizontal measurements.

The inflation/deflation ground deformation pattern at
Campi Flegrei, during the unrest of the last decades and
preceding the eruption of Monte Nuovo has been the
subject of source modelling by several authors (Amoruso
et al. 2014; Di Vito et al. 2016; Dvorak and Berrino 1991;
Gottsmann et al. 2007; Macedonio et al. 2014).

However, fitting the available data to a specific infla-
tion/deflation source model to restore the topography
goes beyond the scope of this work. On the other hand,
we estimated and applied the best-fit curves for both
displacement components, with the recent normalized
displacement pattern overlapping with that of the last
2100 yr (Amoruso et al. 2017; Di Vito et al. 2016). Simi-
larly, this deformation pattern was remarkably compara-
ble in the last 10 kyr, when the caldera floor experienced
different cycles of inflation and deflation, resulting in
the exposure of marine sediments of the La Starza Unit
(Isaia et al. 2019; Natale et al. 2022a). Our reconstruc-
tion starts at 100 BCE, corresponding to the construction
ages of most of the considered Roman archaeological
sites and the Via Herculanea (Aucelli et al. 2020; Costa
et al. 2022). Best-fit equations are shown in Fig. 5a, c. As
discussed before, the normalized vertical deformation
pattern (Fig. 5a, b) slopes down, moving away from the
deformation centre. For example, for the Serapis Tem-
ple, the normalized vertical displacement is about 0.91 of
the maximum uplift/subsidence; in contrast, the Baianus
Lacus normalized vertical displacement ranges between
0.1 and 0.2. On the other hand, the normalized horizontal
component pattern (Fig. 5¢, d) shows a minimum in the
centre, a maximum (0.4, normalized to the vertical defor-
mation) in the annular area located 1.5-3 km from the
centre, and declines to zero at a larger distance (>8 km).

To nullify the net ground subsidence between 100
BCE and 2013, we first calculated the elevation of the
Serapis Temple at t=100 BCE (Fig. 1b) and t=2013
(Fig. 1c), assuming a linear subsidence trend between
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the measured points P1 and P2 of Fig. 1b (Bellucci et al.
2006; Morhange et al. 1999). The Serapis Temple was
6.2 m (above 2013 sea level) at 100 BCE and 0.25 m in
2013. Hence the net subsidence is 5.95 m in the inter-
val 100 BCE-2013. To reconstruct the subsidence shape
in this period, we estimated the maximum displace-
ment as Zy, = Zserpistemple/ 0-91, where the value 0.91
is the normalized displacement of the Serapis Temple
(Fig. 4b). Subsequently, we removed such subsidence,
deforming the DEM with net uplift associated with the
dome deformation with Z_, =6.54 m (100 BCE-2013
CE) with a conservative uncertainty of+2.5 m such as
the measured point at 200 BCE (Fig. 1b). Finally, eleva-
tion data were corrected with the sea level at 100 BCE, as
estimated by Lambeck et al. (2011) corresponding about
to — 1 m below the 2013 s.1. The sea level correction has
been obtained by averaging the curves of sites 8 and 9

provided by Lambeck et al. (2011). The mean curve is
expressed by the equation:

S=— 0.003976+0.17475 - 2.8851T4+21.1173 -
50.8872 — 128.66 T+610.29, where S is the sea level
(expressed in metres), and 7 is the time before the pre-
sent (expressed as kyr). The equation is valid in the time
interval of 6-0 ka.

After restoring the contribution of caldera deflation
alone (Fig. 6a), the resulting topography (with a z,,, of
6.54 m) clearly shows that the Baianus Lacus area and
most of the Via Herculanea and Portus Iulius would
still have been submerged at 100 BCE. To estimate the
quantitative effect of this restoration, we used as defor-
mation markers the archaeological data (1-5) and pro-
file A-A’ (Fig. 6a, b). When restored, this area would
still have been underwater with the Via Herculanea at a
maximum depth of ~6.5 m b.s.l. in the central part. Even
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considering the upper boundary of the restoration, all
data would still be below sea level (Fig. 6b).

Fault restoration

Different geophysical, geological, and morphological fea-
tures suggest the activity of volcano-tectonic faults along
the western side of the Campi Flegrei offshore in the last
2100 yr (e.g., Di Napoli et al. 2016; Natale et al. 2022a,
b; Vitale and Isaia 2014). In the presented fault restora-
tion, we considered the Baia and Monte Nuovo faults as
a possible source of the drowning of the caldera west-
ern sector. To restore the ground deformation associ-
ated with these faults, we applied the Okada92 model
(Okada 1992) by a Matlab® script (Battaglia et al. 2013).
The Okada92 model furnishes solutions for displace-
ments and tilts in 3D caused by a rectangular dislocation
in a homogenous, isotropic, flat, and elastic half-space.
We consider only the deformation of a free surface rep-
resented by the topographic (DEM) and bathymetric
(DTM) surfaces. The model accounts for all dislocation
types, including strike-slip, dip-slip, or tensile kinemat-
ics. The fault parameters are: (1) the position of the upper
corner of the plane (xi, yi, xf, yf); (2) the upper and lower
depth of the plane (zt, zb); (3) the dip (0-90°) and (4)
the slip (m). At the same time, considering NYT and CI
rocks as presentative of the substrate rocks, the Pois-
son’s ratio v is 0.3, whereas the mean shear modulus m
of 0.73 GPa (Heap et al. 2020). We applied reverse kin-
ematics for each structure to restore the effect of normal
faulting. The Matlab© script furnishes the vertical and
horizontal (East and North components) displacements.
In addition to the Baia Fault, we considered in the model

max

three faults representative of the deformation related to
the Monte Nuovo eruption (MN1-3; Fig. 4b). We per-
formed a Monte Carlo simulation by varying the slip
values of the selected four faults, the dome deformation,
and the position of the Monte Nuovo Faults to estimate
the best deformation restoration. We assumed some geo-
metric features of faults according to the geological and
morphological evidence (all fault parameters are listed
in Table 1). Firstly, we fixed the direction of all faults to
N10E, in agreement with Di Napoli et al. (2016). Subse-
quently, we considered all structures as deep-seated blind
normal faults with continuous deformation above the
upper tip, as suggested by the seismic profiles of the area
(Fig. 2; Aiello et al. 2012; Natale et al. 2020, 2022b). We
considered the Baia Fault running from the Fondi di Baia
up to the Lucrinus Lacus with a length of 3 km, whereas
we adopted a length of 1.6 km for the Monte Nuovo
Faults (MN1-3). The latter system comprises two faults
dipping to the east (MN1, 2) and one dipping to the west
(MN3), bounding a graben structure. We adopted for
all faults a dip of 70°, as observed for most faults in the
Pozzuoli Gulf (Natale et al. 2022b) and on-land (Vitale
and Isaia 2014). Finally, we selected an uncertainty of
the Monte Nuovo Faults location of £100 m on the East
component, a slip range of 0—15 m for all faults to run
the iterations. The dome deformation varies between 4
and 9 m according to the uncertainty (2.5 m) affecting
the elevation of the Serapis Temple in 100 BCE (Fig. 1c).
Slip and dome deformation values were generated by the
Matlab® function Random with a uniform distribution.
We filtered Monte Carlo simulations by selecting only
the solutions well-fitting with the original topography,



Vitale and Natale Earth, Planets and Space (2023) 75:38

considering that at least 70% of the archaeological data
and profile points corresponding to the Via Hercula-
nea fall within the interval 0—-2 m above the 100 BCE
sea level. The simulation provided 100,000 topographic
profiles and archaeological site elevations (Fig. 7a), of
which ~2200 were considered suitable. The fault fea-
tures for the Monte Carlo simulation are displayed in
Table 2, including the resulting mean slip values with the
uncertainties.

While the fault slip frequencies (Fig. 7b) show a bell-
like distribution, the dome deformation frequency dia-
gram is almost flat (Fig. 7b). We selected some slip values
within the interval of the slip ranges provided by the
Monte Carlo simulation to reconstruct a likely 100 BCE
topography (Fig. 7c) and the restoration of the archaeo-
logical data and A-A’ profile (Fig. 7d). In this reconstruc-
tion, the Baianus Lacus and Portus Iulius would have
entirely emerged, and Secca delle Fumose would be an
islet such as reported by the historical sources (Aucelli
et al. 2020 and references therein). The reconstructed
profile A—A’ (Fig. 7d) shows that the elevation of Via
Herculanea is between 0 and 2 m above the 100 BCE sea
level. A profile that accounts only for the Baia Fault and
dome restoration is also provided (green line in Fig. 7d);
finally, Fig. 7e shows the restoration of the Serapis Tem-
ple site. According to the reconstruction of Fig. 1b, the
elevation of the Serapis Temple floor was 6.2 m above the
current s.l. and 7.3 m above the 100 BCE s.l., whereas,
in 2013, it was 0.25 m above the current s.l. and 1.35 m
above the 100 BCE s.l. After the complete restoration, it
would be ~7.7 m above the 100 BCE s.1.

Discussion

The presented work proposes a novel interpretation of
the causes of the drowning of the Roman villas of Baiae
and the western side of the harbour of Portus lulius.
This study illustrates how the severe subsidence that
affected the western sector of the Campi Flegrei in the
last 2100 yr was related to the volcano-tectonic activ-
ity mainly expressed by the normal faults located across
the Campi Flegrei caldera western inner ring. Unlike
the widely accepted opinion that the caldera deflation
(bradyseism) is responsible for the subsidence in the
western sector of the caldera, we demonstrate that the
vertical ground movement associated with this phenom-
enon only marginally affected this sector. The effect of
the dome restoration on the elevation of archaeological
data and topographic A—A’ profile is secondary, being
in the order of 10-20% of the maximum displacement
(Zmay) Near the inner ring faults (Fig. 5b). This feature is
confirmed by the flat frequency diagram of dome height
(Fig. 7b) resulting from the Monte Carlo simulation,
highlighting the marginal role of the caldera deflation
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in driving the subsidence of this sector, regardless of its
magnitude (ranging between 4 and 9 m).

On the contrary, in our view, the drowning was mainly
caused by the long-lived activity of the Baia Fault that
lowered, concurrently with the other inner rim faults
such as the Bacoli Fault (Natale et al. 2022a, b), a large
part of the Campi Flegrei western sector, and by the for-
mation of a structural graben depression associated with
the dike that fed the Monte Nuovo eruption. It must be
emphasized that the proposed topographic reconstruc-
tion is based on a fault geometry with solid geological
evidence, as previously illustrated (see paragraph 4.2);
however, it represents only a possible scenario of the
effects of the volcano-tectonic history that characterizes
this area. In the presented model, we used three faults
for the ground subsidence associated with the Monte
Nuovo eruption. However, this is a minimum number of
faults; in fact, the model furnishes reasonable solutions,
also increasing the number of structures with smaller
displacements. The choice of characteristics of the faults
(i.e. strike, dip, and kinematics) used in the model has
been constrained by robust geological evidence. In fact,
the formation of a depression bounded by normal faults
is consistent with the ground deformation on the top of
a magmatic dike (e.g., Magee and Jackson 2021), such
as hypothesized for the Monte Nuovo eruption (e.g., Di
Vito et al. 2016). Furthermore, the strike and dip of the
selected faults are well-defined by the geological evidence
reported in the available literature (Vitale and Isaia 2014;
Di Napoli et al. 2016; Natale et al. 2022b). Hence, in our
simulations, we have only varied the relatively poorly
constrained fault features, i.e. the amount of displace-
ment and the exact location of the faults.

Generally, the selected archaeological elevation inter-
val, when restored considering the activity of the Baia
and Monte Nuovo faults and the effect of the bradyseism,
falls within the presumed functional elevation range (i.e.
the elevation at the time they were operational; Fig. 7d),
as indicated by Passaro et al. (2013; Table 1). In addition,
the restoration of the Serapis Temple (Fig. 7e) indicates
that the restored elevation (7.7 m above the 100 BCE s.1.)
is within the uncertainty of the 7.3 m value estimated by
the curve of Fig. 1b (Bellucci et al. 2006; Morhange et al.
1999).

The Monte Carlo simulation also indicates that the
mean slip of the Baia Fault is 6.84+3.4 m in the last
2100 yr. Assuming that, as some other ring faults of
the western inner caldera (Natale et al. 2022b), this
structure always acted, the mean displacement rate is
3.2+1.6 mm/y, estimated for a temporal interval of
2100 years. This displacement rate range is compara-
ble to that calculated for the Bacoli Fault. However, the
mean slip value is higher than the surficial subsidence
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rate of 2.9+0.5 mm/y estimated by archaeological fea- graben formation associated with the Monte Nuovo
tures (Fig. 7d) and Passaro et al. (2013). This dissimi-  Faults, which produced an uplift of the footwalls (includ-
larity might be the consequence of (i) the effect of the ing the Baia sector) and (ii) the decrease of the Baia Fault
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Table 2 Okada92 model fault parameters and results of the Monte Carlo simulation

Faultname Type xi yi xf yf zt zb Dip Slip Meanslip St.dev(m) Selected
(m) (m) (m) (m) (mb.s.l) (mbsl) (°) (m) (m) slip (m)

Baia dip’ 421,834 4517620 422,361 4,520,570 100 3000 70 0-15 6.8 34 9.7

MN1 dip’  422366+100 4,518,770 4225954100 4,520,350 100 3000 70 0-15 5.2 3.3 2.6

MN2 dip’  422496+100 4,518,710 4227754100 4,520,290 100 3000 70 0-15 2.9 15 33

MN3 dip’ 4231544100 4,518,710 423,4354+100 4,520,290 100 3000 70 0-15 6.3 4.1 2.9

slip upward where the displacement is expressed as con-
tinuous deformation above the tip such as modelled by
Okada92 model.

It is worth noting as the Via Herculanea currently
is submerged up to a maximum of ~8 m b.s.l. (Fig. 6b),
and Baianus Lacus of ~4 m b.s.l. By restoring the defor-
mation of the Baia Fault and dome deformation only
(Fig. 7d, green profile), the Via Herculanea would be
again underwater at a maximum of~3 m b.s.l. It fol-
lows that the drowning of the central sector of the Por-
tus Iulius was mainly related to the activity of the Monte
Nuovo Faults, as suggested by Passaro et al. (2013), who
related the collapse of the Via Herculanea to the Monte
Nuovo fracture system. The strong subsidence peak of
other geoarchaeological markers of different ages in the
same area supports our reconstruction (Marino et al.
2022 and references therein), suggesting active volcano-
tectonic processes along the western ring fault (Natale
et al. 2022b).

The proposed model, which combines the caldera infla-
tion/deflation deformation with the faults’ motion, ade-
quately reproduces the ground deformation evolution of
the Baia-Portus Iulius area; however, this is a simplified
model, and further, more in-depth structural studies may
furnish more information to better constraint the paleo-
topographic reconstructions. Furthermore, for the sake
of clarity, the observed subsidence in the western side
of the caldera might also be explained by more complex
models involving, for example, magmatic multi-source
or arbitrarily oriented and shaped sources; however, the
proposed model provides, to date a new and more geo-
logically constrained explanation of the peculiar geodetic
pattern and archaeological evidence in this area of the
Campi Flegrei, opening new scenarios on the interpreta-
tion of the submersion of these Roman facilities.

In this paper, we highlight that the motion of vol-
cano-tectonic faults within the Campi Flegrei caldera
can overprint the bell-shaped deformation pattern, and
we cannot exclude that also other sectors of the caldera
and/or surrounding areas may be affected by similar
processes, and may require further studies. However,
it must be marked as the two volcano-tectonic pro-
cesses (faulting and doming) may record different

displacement values at different time scales. For exam-
ple, the inner ring faults show displacement of about
3 mm/yr in the last 2100 yr, whereas the Monte Nuovo
Faults reasonably have much higher displacement rates
since they are associated with the short-lived eruption
of the Monte Nuovo volcano (Guidoboni and Ciuc-
carelli 2011). On the other hand, the bradyseism may
show a spectrum of vertical displacement rate values,
ranging from a few mm/yr during the subsidence stages
such as occurred in geological (Isaia et al. 2019), histor-
ical (Di Vito et al. 2016) and monitoring times (Dvorak
and Berrino 1991), up to a few m/yr during the uplift
phases such as occurred before the Monte Nuovo erup-
tion (Di Vito et al. 2016) or in the 1982-1984 unrest
(e.g., Orsi et al. 1999).

In the western sector of the caldera, reports of histori-
cal seismicity felt by the population, possibly of moderate
magnitude, have been reported mainly before and after
the Monte Nuovo eruption (Guidoboni and Ciuccarelli
2011; Rovida et al. 2020), and we cannot exclude that the
Baia Fault and, more probably, the Monte Nuovo Faults
have triggered earthquakes during that late-unrest stage.
On the other hand, seismic activity is not expected dur-
ing the subsidence stages, such as evidenced in the well-
monitored 1985-2005 period (e.g., D’Auria et al. 2011),
where seismicity, focused only in the Solfatara volcano
area, occurred in the so-called mini-uplifts (Gaeta et al.
2003). However, in analogy with the Bacoli Fault, char-
acterized by a lack of stick—slip faulting, and by continu-
ous deformation, also evidenced by growth strata in the
hanging wall (Fig. 3a), we retain that the Baia Fault may
not have produced significant earthquakes in the last
2100 yr.

In Fig. 8, we present the reconstructed topography at
100 BCE, displaying the landscape during the Roman
urbanization of the area. According to the historical
reconstructions, the presented topographic restoration
shows the Baia area, including a coastal lake and the
coastal sector in front of the current Punta Epitaffio,
where luxury villas were built, and a littoral sand spit
joining the Baiae with the Puteoli areas, shielding the
Lucrinus Lacus.
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Finally, it is interesting to note as there is another
example of a Roman harbour presently submerged. It is
the case of Sinuessa, a Roman city located in the north-
ern sector of the Campania Plain, 42 km to the north
of Campi Flegrei. Although it is in a different tectonic
context, it experienced a similar subsidence of ~6.5 m
in the last 2300 yr (Pennetta et al. 2017), and such as
the model proposed in this work, the causes may be
sought in the activity of normal faults (Pennetta et al.
2017).

In sum, this study attempted to shed light on the
interaction between the activity of caldera ring faults
and the intra-caldera inflation and deflation processes
relying on several archaeological features available in
the area. We proposed a novel interpretation for the
ground deformation of a portion of the caldera by con-
sidering different deformation models with respect to
a simplistic model accounting only for the bradyseism
phenomenon, regardless of its source. This approach
may also be applied to other active calderas worldwide
characterized by complex volcano-tectonic settings and
evolutions such as the Campi Flegrei caldera.
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Concluding remarks

+ We propose a volcano-tectonic model showing that
ground inflation/deflation processes (bradyseism)
alone cannot explain the drowning of Roman struc-
tures, and its role is marginal, especially for the west-
ernmost sector.

+ The proposed interpretation illustrates that the
drowning of the western sector of the Campi Flegrei
caldera, including the Roman luxury villas of Baiae
and the Portus Iulius, is the result of the combined
action of the caldera floor deflation and volcano-tec-
tonic faulting.

+ The subsidence since 200 BCE was mainly caused by
the activity of the long-lived Baia Fault and further
enhanced by the subsequent faulting developed dur-
ing the 1538 CE eruption of Monte Nuovo.

+ Archaeological data, together with the reconstructed
Via Herculanea topographic profile, all with an age of
ca. 100 BCE, were used to constrain a reconstruction
that accounts for the ground deformation related to
the bradyseism and volcano-tectonic faulting.
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+ We used the Okada92 model to estimate the ground
deformation associated with faulting and a bell-
shaped model fitted on levelling and GNSS data for
the caldera inflation/deflation phenomenon.

+ Restored archaeological and topographic data indi-
cate that they fall within the interval of presumed
functional heights, with a restored topography and
bathymetry of the western sector of the Campi
Flegrei caldera defined by the landscape showing
the Baia area, where luxury villas were built, includ-
ing the lake of Baianus Lacus, and the Portus Iulius
formed by a littoral sand spit shielding the Lucrinus
Lacus as represented by the historical reconstruc-
tions.

« This study marks the necessity to apply different
ground deformation models to untangle the com-
plex volcano-tectonic evolution that characterizes
active volcanic fields worldwide, such as the Campi
Flegrei caldera.

Abbreviations

BCE Before Common Era

CE Common Era

DEM Digital elevation model

DTM Digital terrain model

GNSS Global Navigation Satellite System

EDM Electronic distance measurements
INSAR Interferometric Synthetic Aperture Radar
mas.l. Metres above sea level

MN Monte Nuovo
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