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A  B  S  T  R  A  C  T  

 

The structure of a caldera may influence its activity, making its understanding crucial for hazard assessment. Here, we analysed high-resolution seismic profiles in the 
Campi Flegrei (southern Italy) offshore sector. We recognised two main fault systems, including those associated with the formation of the caldera and those affecting 
the resurgent dome. The former system comprises three broadly concentric fault zones (inner, medial and outer ring fault zones) depicting a nested caldera geometry. 
Considering the relations between faults and seismic units that represent the marine and volcaniclastic successions filling the caldera, all ring faults were formed 
during the Campanian Ignimbrite eruption (40 ka) and subsequently reactivated during the Neapolitan Yellow Tuff eruption (15 ka). In this last caldera-forming 
event, the inner and medial fault zones accommodated most of the collapse and were episodically reactivated during the younger volcano-tectonic activity. The 
second fault system occurs in the apical zone of the resurgent dome and comprises dominantly high-angle normal faults that are mainly related to the volcano- 
tectonic collapse that followed the Agnano-Monte Spina Plinian eruption (4.55 ka). Finally, we provide a volcano-tectonic evolutionary model of the last 40 kyr, 
considering the interplay among ring and dome faults activity, volcaniclastic sedimentation, ground deformation and sea-level changes. 

 

 

1. Introduction 

 
Calderas are morpho-structural depressions associated with large- 

volume volcanic eruptions (e.g., Cole et al., 2005; Branney and Aco- 
cella, 2015). Often, caldera structures may control the following vol- 
canic activity and frequently host long-lived hydrothermal/geothermal 
systems. With many calderas worldwide located in densely inhabited 
regions (Newhall and Dzurisin, 1988), reconstructing their structures is 
of utmost importance for hazard assessment and improvement of vol- 
cano monitoring networks (Sparks et al., 2012). The Campi Flegrei (CF) 
caldera in southern Italy (Fig. 1a) is one of the most studied volcanoes 
worldwide due to its high urbanisation, making the volcanic risk very 
high (e.g., Charlton et al., 2020). The CF caldera structural architecture 
is still a matter of debate; however, most of the authors suggest the 
existence of a nested structure (Orsi et al., 1992; Acocella, 2008, 2010; 
Vitale and Isaia, 2014), mainly resulting from two caldera-forming 
eruptions: the Campanian Ignimbrite, at 40 ka (Giaccio et al., 2017) 
and the Neapolitan Yellow Tuff at 15 ka (Deino et al., 2004) eruptions. 

The on-land caldera boundaries (Fig. 1a) have been inferred through the 
distribution of younger volcanic vents (Scarpati et al., 1993; Orsi et al., 
1996), field observations (Vitale and Isaia, 2014), and exploration 
drilling (Rosi et al., 1983). Moreover, the caldera structure has been 
inferred by different geophysical investigations, including geoelectrical 
and magnetotelluric (Troiano et al., 2019; Siniscalchi et al., 2019), 
gravity (Florio et al., 1999; Capuano et al., 2013), magnetic (Secomandi 
et al., 2003) and seismic tomography (Zollo et al., 2003; Judenherc and 
Zollo, 2004; De Siena et al., 2018; Pepe et al., 2019) surveys. Further- 
more, like several other calderas worldwide, both felsic (e.g., Rabaul, 
Papua New Guinea; Robertson and Kilburn, 2016; Nisyros, Greece; 
Tibaldi et al., 2008) and basaltic (e.g., Sierra Negra and Alcedo vol- 
canoes Galapagos; Bell et al., 2021; Galetto et al., 2019, respectively), 
the CF caldera is characterized by post-caldera ground uplift and sub- 
sidence confined within its rims (e.g., Isaia et al., 2019; Bevilacqua et al., 
2020; Natale et al., 2022). 

Offshore, several works reconstructed the general structure and 
stratigraphy using seismic reflection datasets of variable quality and 
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resolution (Pescatore et al., 1984; Fusi et al., 1991; Milia, 1998; Milia 
et al., 2000; Aiello et al., 2012, 2016; Sacchi et al., 2014, 2019; Stein- 
mann et al., 2016, 2018; Natale et al., 2020, 2022). Recently, analyses of 
high-resolution seismic reflection profiles have provided detailed im- 
ages of the submerged caldera sector, allowing to obtain a more detailed 
stratigraphic reconstruction and shedding light on the caldera evolution 
(Sacchi et al., 2014; Steinmann et al., 2016, 2018; Natale et al., 2022; 
Marino et al., 2022). However, an accurate characterisation of the 
offshore volcano-tectonic architecture is still lacking. 

In this work, we analysed a multiscale set of high-to very high- 
resolution seismic reflection profiles acquired in the CF offshore in the 
last decades to better characterise the main fault zones and reconstruct 
the evolution of the caldera and the volcano-tectonic processes in the 
last 40 kyr. The detailed characterisation of the fault geometry, 

kinematics and age provided in this work yields important implications 
for understanding the caldera evolution, the connection between the 
surface and the deep magmatic-hydrothermal system, the geothermal 
potential (e.g., Rosi and Sbrana, 1987; Carlino et al., 2012), the source of 
the offshore seismicity (Orsi et al., 1999; Di Luccio et al., 2015), and 
improve the characterization of volcanic hazard (e.g., Selva et al., 2012; 
Bevilacqua et al., 2015, 2016, 2017; Neri et al., 2015). 

 
2. Geological setting 

 
2.1. Volcano-tectonic evolution 

 
The CF caldera is located along the Tyrrhenian Sea margin of 

southern Italy (inset in Fig. 1a; Vitale and Ciarcia, 2013, 2018; Vitale 

 

 
 
Fig. 1. (a) Digital Elevation Model of CF caldera, showing caldera and crater rims, scoria cone, and lava domes (after Isaia et al., 2018). Bathymetry is from Somma 
et al. (2016) and EMODnet Bathymetry Consortium (2018). CFDDP (De Natale et al., 2016) drill hole location is also indicated. (b) Simplified tephrostratigraphic logs 
of CF caldera in the last 80 kyr for the on-land and offshore (modified after Natale et al., 2022; Steinmann et al., 2016) Abbreviations: CI: Campanian Ignimbrite; 
MMT: Masseria del Monte Tuff; NYT: Neapolitan Yellow Tuff; MN: Monte Nuovo. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 



  

 

 

 

 

et al., 2020 and reference therein). Volcanism in the CF caldera is older 
than 80 ka (Pappalardo et al., 1999), probably extending back to at least 
~110 ka (Petrosino et al., 2019; Monaco et al., 2022), and was char- 
acterised by scattered volcanic activity with some volcanic edifices 
located in the urban area of Naples (Isaia et al., 2018). The CF area 

(Fig. 1a) hosted at least three large (>10 km3 of erupted magma DRE, 
Dense Rock Equivalent) eruptions: the Campanian Ignimbrite (CI, 40 ka, 
up to 200 km3 DRE, Costa et al., 2012; Giaccio et al., 2008, 2017; 
Scarpati and Perrotta, 2016, 2020; Silleni et al., 2020); the Masseria del 
Monte Tuff (MMT, 29.3 ka, 16 km3 DRE; Albert et al., 2019) and the 

Neapolitan Yellow Tuff (NYT, 15 ka, 25–40 km3 DRE, Orsi et al., 1992; 
Scarpati et al., 1993; Deino et al., 2004). Based on textural character- 

istics and the occurrence of an angular unconformity, the NYT has been 
divided into Lower (LM) and Upper (UM) members (Orsi et al., 1992). 

The present morphological depression of the CF primarily derives 
from the younger NYT caldera collapse, partially masking the preexist- 
ing CI caldera (Orsi et al., 1996). Following the NYT event, mostly 
small-scale explosive volcanism occurred within and along the bound- 
aries of the CF caldera, varying in style and magnitude (Bevilacqua et al., 
2015, 2017). Eruptions occurred in closely spaced volcanic epochs, 
namely Epoch 1 (15-10.5 ka), Epoch 2 (9.6–9.1 ka), Epoch 3 (5.5–3.7 

ka), lasting from centuries to millennia, alternated with periods of 
quiescence up to some millennia (e.g., Di Vito et al., 1999; Smith et al., 
2011). The largest event during Epoch 1 and 2 has been the Pomici 
Principali Plinian eruption, which was followed by a subsidence phase 
(Natale et al., 2022). Epoch 3 has been further divided into 3a and 3b, 
with the occurrence of a rapid subsidence phase shortly after the 

Agnano-Monte Spina eruption (AMS, 4.55 ka; Smith et al., 2011), also 
marked by the deposition of the transgressive marine-transitional Poz- 
zuoli Unit (Isaia et al., 2009, 2019). 

Eruptions took place along the major structural discontinuities 
(Vitale and Isaia, 2014; Isaia et al., 2015; Bevilacqua et al., 2016) and 
have been coupled to significant ground deformation and 
seismo-tectonic activity, such as inferred by the widespread paleo- 
liquefaction seismic-related structures hosted in the volcanic record 
(Vitale et al., 2019, 2022), which continues nowadays (Di Luccio et al., 
2015; Young et al., 2020; De Martino et al., 2021; Giudicepietro et al., 
2021; Isaia et al., 2021; Tramelli et al., 2022). In the long-term (~10 
kyr), the caldera floor suffered a magmatic-related deformation (i.e., 
caldera resurgence), which resulted in a net uplift that led to the expo- 
sure of the marine-transitional sedimentary sequence of the La Starza 
Unit (Isaia et al., 2019; Vitale et al., 2019), presently cropping out along 
the Pozzuoli coast. Also, in the last 2000 years, the caldera floor was 
affected by alternating periods of uplift and subsidence, including a 
significant ground deformation associated with the historical eruption of 
Monte Nuovo (1538 CE; Guidoboni and Ciuccarelli, 2011; Di Vito et al., 
2016; Amoruso et al., 2017). Similarly, ground movements occurred in 
the last ~50 years, showing pattern similarities with the long-term 
caldera floor movements (e.g., Del Gaudio et al., 2010). 

 
2.2. Structural framework 

 
According to Vitale and Isaia (2014), fault orientations within the CF 

caldera result from the interplay between the regional tectonic field and 
the local volcano-tectonic deformation. Structural studies in the CF 
caldera, both on-land (Isaia et al., 2015, 2021; Vitale and Isaia, 2014; 
Bevilacqua et al., 2020; Diamanti et al., 2022) and offshore (e.g., Natale 
et al., 2020), have documented the occurrence of faults associated with 
the activity of volcanic vents, caldera rims, and ground deformation 
(Fig. 1a). Generally, faults show a prevalence of regional tectonic trends 
(NW-SE and NE-SW). Nonetheless, ~N–S and ~E-W trending faults also 
occur in association with the youngest deformation episodes within the 
caldera (e.g., Vitale and Isaia, 2014; Vitale et al., 2019; Isaia et al., 
2021). While older NW-SE and NE-SW faults show displacements up to 
tens of meters, younger faults exhibit metric displacements (e.g., Natale 
et al., 2020; Isaia et al., 2021). The central sector of the caldera is also 

characterised by intense degassing and hydrothermal activity (e.g., 
Chiodini et al., 2012; Cardellini et al., 2017; Young et al., 2020) and by 
the highest values of surface fractures and fault density, clustered 
around the town of Pozzuoli and in the Solfatara area (Bevilacqua et al., 
2015, 2020). Fluid overpressure during the ongoing unrests triggers the 
reactivation of such faults, causing shallow seismicity felt by the popu- 
lation (e.g., D’Auria et al., 2011; Di Luccio et al., 2015; Isaia et al., 2021; 
Di Lieto et al., 2021; Tramelli et al., 2022). 

 
2.3. The offshore sector of the CF caldera 

 
The 6 × 7 km wide Pozzuoli Gulf hosts over one-third of the CF 

caldera. Its morphology results from the interaction between sea-level 
rise, ground deformation, erosion, and sedimentation and includes 
different features (Fig. 1a). The sector adjacent to the coastline has a 
truncated bell shape and represents the offshore part of the resurgent 
dome (e.g., Sacchi et al., 2014), which is the most prominent evidence of 
long-term ground deformation that caused the uplift of marine sedi- 
ments of the La Starza Unit (Isaia et al., 2019; Natale et al., 2022 and 
references therein). The inner continental shelf develops on the sub- 
merged part of the dome at depths of 20–40 m b.s.l. The gulf reaches 
depths up to 120 m b.s.l. between Capo Miseno and Nisida Bank, in 
correspondence with the caldera ring fault zone (Fig. 1a). The latter is 
broadly 2.5 km wide and mainly composed of inward-dipping faults that 
displace the NYT unit and older rocks (Natale et al., 2022 and references 
therein). The southernmost faults have been associated with the CI 
caldera collapse (Fig. 1a; Steinmann et al., 2016) and confine the pre-CI 
volcanic highs in its footwall, including the Penta Palummo and Miseno 
banks (Fig. 1a). 

The seismo-stratigraphic frame used in this work derives from the 
works of Steinmann et al. (2016) and Natale et al. (2022). The overall 
stratigraphy (Fig. 1b) constrains the relationships between the mapped 
faults and the caldera infill within the maximum penetration of seismic 
records (300–350 ms Two Way Time (TWT)). The imaged stratigraphic 
section (Fig. 1b) includes pre-CI rocks (>40 ka), CI (40 ka), pre-NYT 
(<40 ka and >15 ka), NYT (15 ka) and younger units (<15 ka). From 
the seafloor down to the depth of the NYT unit, we adopted the 
high-resolution stratigraphy of Natale et al. (2022), composed of eleven 
units, from S0 to S10 (Fig. 1b). According to the seismic facies, stacking 
pattern and stratal geometry, these units can be grouped in pre-doming 
(S0–S2) and syn-doming sequences (S3–S10), the latter further sub- 
divided in uplift- (S3, S4, S7, S8, S10) and subsidence- (S5, S7, S9) 
dominated units (Natale et al., 2022). The age of these units includes the 
volcanic activity of Epochs 1, 2 and 3 (e.g., Smith et al., 2011). For the 
deeper seismic units, we rely on the stratigraphic framework of Stein- 
mann et al. (2016). For the sake of clarity, we adopted the seismic unit 
names of Steinmann et al. (2016) for the post-CI deposits (M1 unit), 
including the buried volcanic bank herein called Ammontatura struc- 
ture, which is interdigitated with the M1 unit, and the Monte 
Dolce-Pampano bank, in the southern part of the gulf (Sacchi et al., 
2020). Campanian Ignimbrite is labelled as CI unit, and the pre-CI de- 
posits are labelled as M0. Pre-CI volcanic banks are Miseno, and Penta 
Palummo (Fig. 1a), which have an inferred age of ~100 ka (e.g., Milia, 
2010) and are coeval to the oldest tephras on land (Pappalardo et al., 
1999; Scarpati et al., 2013). 

 
3. Materials and methods 

 
This work is based on two datasets of high-resolution seismic pro- 

files, namely Seistec_2013 and GeoB08 (Fig. 2a), resulting in more than 
150 analysed seismic profiles. The Seistec dataset was acquired using the 
uniboom IKB-Seistec profiler (Simpkin and Davis, 1993; Mosher and 
Simpkin, 1999; Sacchi et al., 2019) by ISMAR-CNR of Naples in 2013. 
With a very-high source frequency at 2 kHz, this single channel system is 
characterized by high maximum vertical resolution (0.2 m), whereas 
maximum seismic penetration is in the order of 100–150 ms Two Way 



  

 

 

 

 
 

 
 
Fig. 2. (a) Location of seismic lines used in this work. Seismic penetration 
depth and spatial resolution are indicated for each dataset. (b) 3D oblique view 
of seismic profiles showing the fault sticks and interpolated fault surfaces. 

 
Time (TWT). 

To image the deeper reflectors and identify the NYT unit, we relied 
on the multichannel seismic lines from the GeoB08 dataset acquired 
during the CAFE-07 expedition in 2008 (Sacchi et al., 2009; Steinmann 
et al., 2016). The lower central source frequency of 250 Hz provides 
spatial resolution around 1–2 m with signal penetration exceeding 350 
ms, with some local limitations due to fluid uprise blanking and shallow 
water seafloor multiple reflections (Steinmann et al., 2016). 

Seismic lines were imported and analysed through Eliis Paleoscan 
software packages (Paleoscan, 2018). To estimate the thickness of 
seismic units and gather information on the dip angle of faults, we used a 
two-way time (TWT) velocity of 2000 m/s, which is representative of the 
whole investigated infill, made of mostly unconsolidated volcaniclastic 
deposits, tuffites and marine deposits (Sacchi et al., 2014; Steinmann 
et al., 2018; Natale et al., 2022), in agreement with the P-wave velocity 
in the first 2000 m, as deduced from seismic tomographic studies (Zollo 
et al., 2003; Vanorio et al., 2005). 

The lines from the two datasets are mainly N–S oriented with some 
oblique lines and a few approximately E-W oriented tie lines that cover 
the central part of the Pozzuoli Gulf, with an average spacing of 150 m 
(Fig. 2a). Over 1200 fault sticks (2D fault traces) have been mapped in 
the whole dataset and then interpolated to reconstruct fault planes 
(Fig. 2b). Every fault segment has been interpolated by joining at least 
three fault sticks. The over 350 mapped fault planes were analysed and 
plotted with Open Stereo (Grohmann and Campanha, 2010) and Tec- 
tonicsFP (Reiter and Acs, 1996–2022) open-source software to deter- 
mine their average dip directions and dips. 

The mapped fault planes obtained from the interpretation of seismic 
lines allowed us to construct a detailed structural map of the Pozzuoli 
Gulf and reconstruct the volcano-tectonic evolution of the area. How- 
ever, fault mapping has some limitations, especially in the dome area, 
where individual fault planes have a limited length. In addition, the 
~N–S-oriented faults in the same area might have been under-sampled 
due to the limited density of E-W trending seismic profiles. The main 
limitation for fault mapping in the deeper part of the gulf were acoustic 
blanking and relatively low signal penetration. 

 
4. Results 

 
4.1. Structural features of ring and dome faults 

 
The N–S (Fig. 3a), NW-SE (Fig. 3b), and E-W (Fig. 3c) GeoB08 

profiles illustrate the structural setting of the offshore CF caldera from 
the ring fault zone to the resurgent dome. In the northern part of the N–S 
trending GeoB08-042 profile (Fig. 3a), the resurgent dome is evident, 
with the stratal architecture documenting the several phases of caldera 
floor deformation described in Natale et al. (2022). The dome connects 
southward with the caldera collar, where the ring faults dislocate the 
NYT unit (Fig. 3a). Southward, the CI unit onlaps on the older volcanic 
bank of Penta Palummo, located in the extra-caldera area (Fig. 3a). 

On the NW-SE trending GeoB08-102 line (Fig. 3b), the ~3 km wide 
resurgent dome fault zone is visible, with the high-angle faults dis- 
locating the succession up to the S7 unit (~4.4 ka, Natale et al., 2022). 
The inner and the medial ring faults clearly dissect the NYT unit. The 
hanging wall of the inner ring hosts one of the several dikes mapped in 
the seismic profiles. The stratified southern end of the Nisida (NI) tuff 
cone covered by prograding clinoforms younger than 3.7 ka is also 
visible. 

The NYT unit on the E-W trending GeoB08-026 line onlaps onto older 
marine and volcaniclastic units (M1 unit), including the 2 km wide 
Ammontatura structure (AMB, Fig. 1a; 3c), which in turn is interdigi- 
tated within this unit. The buried volcanic structure shows a gently 
northeastward-inclined abrasion surface truncating the underlying 
strata and is intensely affected by faults that locally convey uprising 
fluids, depicted by acoustic turbidity and high-amplitude, low-fre- 
quency reversed-phase reflections (Fig. 3c). The eastern termination of 
the Ammontatura volcanic structure (Fig. 3c) is overlain by the younger 
volcanic products of the Nisida bank (~12 ka, Natale et al., 2022), 
characterised by steeply inclined stratified flanks distinctive of tuff 
cones (Bischoff et al., 2021) and located at the erosive head of the 
Ammontatura channel (Fig. 1a; Aiello et al., 2020). On the western 
sector of the GeoB08-026 profile (Fig. 3c), the submarine portion of the 
well-stratified flanks of the Capo Miseno tuff cone and its eastern 
collapsed sector are covered by the prevalently transparent S9 unit that 

follows Epoch 3b (<3.7 ka, Natale et al., 2022). Underneath the Capo 
Miseno deposits, the upper part of the S2 unit increases in thickness 
westward. It corresponds to the southward continuation of the Porto 
Miseno tuff ring buried by the younger Capo Miseno tuff cone (Fig. 3b). 
The area east of the Capo Miseno tuff cone is deeply affected by fluid 
uprise that makes the seismic signal extremely turbid (Fig. 3c). 

The main strands of the inner, medial, and outer ring fault zones are 
shown in Fig. 3d–f, which are also the sites of intense degassing 
(Fig. 3a–c). Although the throw on the inner and medial ring faults is 
locally variable, the NYT unit is averagely displaced by ~35–40 m 
(Fig. 3e). Although the S1 or S2 units seal most faults, some of them also 
cut upward into younger sequences (Fig. 3d and e). 

Profiles across the resurgent dome document that this structure is 
pervasively affected by high-angle normal faults that form two main NE- 
SW structural low structures in the western part of the fault zone and 
three main NNE-SSW oriented west-dipping faults in the eastern sector. 
Unlike the ring fault systems, all of these faults cross-cut units younger 
than NYT (Fig. 4). These faults extend from the coast toward the 
southern part of the dome for ~2.7 km along strike. The line GeoB08- 
066, oriented E-W parallel to the coast (Fig. 4a), shows displacements 
exceeding 10 m and faults truncated by the abrasion surface associated 

with the S8 unit (<4.4 ka, Natale et al., 2022). The pervasive distribu- 
tion of these faults is observable on the compound line GeoB08-048-49 
(Fig. 4b) closer to the coastline, where the faults affect all the succession 
up to the abrasion surface. More to the south, line Seistec-801 (Fig. 4c) 
records the largest (~20 m) throw, whereas line GeoB08-065 (Fig. 4d) 
shows smaller throws along the strike of the western faults compared to 
the profiles more to the north. The N–S zoomed insets of GeoB08 lines 
show the NE-SW faults affecting the western part of the inner shelf (line 
GeoB08-028, in Fig. 4e) and the E-W faults located in the eastern part 
(line GeoB08-047, Fig. 4f). 
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Fig. 3. (a) 8 km long N–S oriented GeoB08-042 seismic profile illustrating the main features of the caldera ring fault zone and the resurgent dome, including the 
several generations of depositional and erosive features. (b) 7 km long NW-SE oriented GeoB08-102 seismic profile showing the 2.5 km wide resurgent dome fault 
zone and the inner and medial ring faults. Dike intruded in the hanging wall of the inner ring fault is also indicated, as well as the submerged portion of the Nisida 
(NI) tuff cone. (c) 7 km long E-W oriented GeoB08-026 seismic profile showing the stratigraphic architecture of the caldera offshore, highlighting the stratigraphic 
position of different volcanic banks (Capo Miseno (CM) to the west, Ammontatura (AMB) to the south and Nisida Bank (NB) to the east). (d) N–S oriented zoomed 
section of GeoB08-094 seismic profile showing the reactivated inner ring fault zone. (e) Zoomed section of the N–S oriented GeoB08-032 seismic profile showing the 
reactivated medial ring fault zone. (f) Zoomed section of the N–S oriented GeoB08-041 seismic profile showing the stratal architecture along the outer ring fault zone. 
Abbreviations: PPB: Penta Palummo Bank; CI: Campanian Ignimbrite; AMB: Ammontatura volcanic structure; NYT: Neapolitan Yellow Tuff. Uninterpreted seismic 
lines are available in the supplementary material. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

 

4.2. Structural map of CF caldera offshore 

 
4.2.1. Ring fault system 

We grouped the ring faults into three broadly concentric structures 
(inner, medial, and outer), consisting of major and secondary faults 
(Fig. 5a). Overall, the principal segments of the three zones are aver- 
agely spaced 0.8 km apart. Each of the three ring fault zones displays a 
well-developed segmentation pattern, and several magmatic dikes also 
occur. 

 
4.2.1.1. Inner ring fault system (IRFS). The IRFS is the innermost caldera 
fault zone identified offshore and can be traced from Bagnoli, to the east, 
to Baia, to the west (green faults in Fig. 5a). All the mapped IRFS faults 
show a normal dip-slip kinematics, with planes predominantly dipping 
toward the caldera centre and a few antithetic ones. These faults display 
E-W to NE-SW strikes towards the eastern part of Pozzuoli Gulf, whereas 
they exhibit E-W to NW-SE and subordinately N–S strikes in the western 
part of the gulf (Fig. 5a). Dip angles show values between 46◦ and 83◦, 

with an average of 66◦ (Fig. 5b, f), with the lowermost dip angles 
recorded for E-W striking planes. These faults are highly segmented, and 
in several places, adjacent fault planes overlap, forming relay zones 
(sensu Camanni et al., 2019 and Roche et al., 2021), especially where the 
fault trends swing from E-W to NE-SW or NW-SE (Fig. 5a). The IRFS 
displaces the NYT unit with an average throw of 40 m (Fig. 3a), which is 
maintained roughly constant across the whole fault system. Locally, to 
the west, these faults cut the younger marine-volcaniclastic infill up to 
S6 unit (~4.5 ka, Fig. 3d, indicated in Fig. 5a). The morphological 
expression of these faults is evident in the bathymetry, where they 
control the trend of the Epitaffio and Bagnoli valleys (Figs. 1a and 5a), 
with the latter partially overprinted by the Nisida tuff cone (~3.7 ka, 
Natale et al., 2022). Other noteworthy features are seven magmatic 
dikes mapped mainly in the hanging wall of the IRFS that can be fol- 
lowed up to 750 m along strike. The seismic expression is characterised 
by planar sub-vertical reflection-free zones, with upward-bent reflectors 
on the lateral contacts. The dikes are frequently topped by acoustic 
turbidity and downward bending reflectors (Fig. 3b) and cross-cut the 
post-NYT infill locally up to the S6 unit, although failing to reach either 
current or former seafloor surfaces. 

 
4.2.1.2. Medial ring fault system (MRFS). The MRFS extends from 
Nisida to Bacoli (red faults in Fig. 5a) and is characterised by faults 
mainly dipping toward the caldera centre and by minor synthetic and 
antithetic strands, with a prevailing E-W orientation (Fig. 5a, c). The 
medial ring faults show dip angles ranging between 46◦ and 80◦, with an 
average of 68◦ (Fig. 5g). The MRFS is composed of one main fault 
segment marked by an E-W striking subsequent paleo valley that 
developed along the fault scarp, placing the NYT unit in lateral contact 
with the pre-NYT Ammontatura volcanic structure (Fig. 3a). Some 
minor antithetic segments are present in its hanging wall. Most of the 
MRFS is associated with relatively short fault segments. Fault segmen- 
tation is more frequent in the western part of the MRFS, where it is also 
associated with the development of a series of small graben broadly 
oriented WNW-ESE (Fig. 5a), located in the footwall of the main strand. 
A left-stepping relay zone links the E-W main strand with a NE-SW 
segment to the east of Nisida. Although clear cut-offs of the NYT unit 

are only locally observed, these faults generally displace NYT and older 
units with a throw comparable to that of the IRFS. The NYT unit shows 
thickness variation across the main fault strand of the MRFS (Fig. 3a). 
Erosion strongly altered the morphology of this fault, which is marked 
by a receding scarp (Fig. 3e). Along a ~1 km long portion of the main 
fault strand (indicated in Fig. 5a), the MRFS locally cuts younger strata, 
almost reaching the seabed (Fig. 3a, e). The fault-bounded intrusion of 
the Pennata structure, active since 10.5 ka (Natale et al., 2022; Fig. 5a) is 
confined between the footwall of the IRFS and above the main MRFS. 

 
4.2.1.3. Outer ring fault system (ORFS). The ORFS runs from Posillipo to 
Capo Miseno (Figs. 1a and 5a) and represents the outermost caldera rim. 
The CI unit occurs in its footwall, in depositional contact above unit M0 
(Figs. 1a and 3a, f). This feature is the only occurrence of the CI unit at 
shallow depth (<350 ms) in the seismic dataset within the Pozzuoli Gulf. 

In the area facing the eastern cliff of Capo Miseno, roughly covering 
4 km2, the seismic signal is strongly altered by a massive fluid-related 
acoustic blanking (indicated in Fig. 5a and visible in Fig. 3c). We 
mapped over 50 fault segments belonging to the ORFS, mainly oriented 
E-W and NE-SW (Fig. 5d), predominantly dipping toward the caldera 
centre with dip angles ranging between 56◦ and 86◦ (Fig. 5h), with an 

average of 72◦. Several short, E-W striking faults are present in the 
hanging wall of the ORFS, bounding elongated graben between the 
ORFS with the MRFS. Similarly, to the medial ring faults, these struc- 
tures have no direct bathymetric expressions; however, the occurrence 
of well-developed prograding clinoforms surrounding the pre-CI volca- 
nic banks suggests relative tectonic stability in the footwall of these ring 
faults (Figs. 3a and 5a). Unlike the IRFS and MRFS, none of the ORFS 
segments cut through sequences younger than NYT (Fig. 3f). 

 
4.2.2. Dome fault system (DFS) 

We mapped 170 individual fault segments in the resurgent dome area, 
grouped into ~ 50 main faults (Fig. 5a). These structures are mostly 
normal faults, with very few steep planes showing reverse kinematics. 
The DFS forms a NE-SW to NNE-SSW (Fig. 5e) trending structurally 
lowered zone, confined between two external structural highs (Figs. 4 and 
5a) that project landward of two coastal reliefs, namely Rione Terra to the 
west and La Pietra/Accademia to the east (Figs. 1a and 5a). These faults 
have a morphobathymetric expression only southward of the shelf break, 
hosting channels that convey sediments to the base of the slope (Fig. 5a). 
As opposed to this, on the shelf, a gently east-dipping terrace conceals 
these faults that do not affect the seafloor (Fig. 4). In detail, three fault sets 
with NE-SW, NNE-SSW and E-W strike compose the DFS (Fig. 5e, i). The 
NE-SW faults mainly occur in the western part of the dome, forming two 
main lowered fault blocks bounded by sub-vertical normal faults 
(Fig. 4c). The NNE-SSW set is mainly located on the central-eastern part of 
the lowered area, on the slope sector, and shows broadly parallel west 
dipping synthetic structures. The fault throws range broadly between 5 
and 10 m, with the highest values exceeding 20 m (Fig. 4d). Finally, the E- 
W faults affect the whole area (Fig. 4f and g), mainly down throwing 
toward the north and locally linking to the NE-SW faults, with 1–5 m of 
displacement. The mapped faults show dip angles between 65 and 88◦, 
with an average of 82◦ (Fig. 5e, i). Fault lengths along the strike range 
from 250 m to over 4 km. Although with less extent, also the dome faults 
convey fluids toward the sea bottom. 
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Fig. 4. E-W and N–S seismic sections show the collapse faults in the offshore part of the resurgent dome. (a) The E-W GeoB08-066 seismic profile displays the main 
faults arranged in a series of sub-parallel structural lows. (b) The E-W portion of two adjacent seismic profiles GeoB08-048-049 shows the distribution of faults tapped 
by the abrasion surface in the northeastern end of the dome fault zone (c). The E-W high-resolution Seistec-801 profile shows the different fault zone affecting the 
resurgent dome. (d) The E-W GeoB08-065 profile displays the southern end of the faults hosted in the dome. The decrease of throw of the individual fault zone is well 
evident. (e) The N–S GeoB08-028 profile shows E-W and the NE trending faults hosted in the western part of the shelf, highlighting the differences in the downthrow. 
(f) The N–S GeoB08-047 profile shows the E-W trending faults affecting the eastern part of the shelf. Abbreviations: NYT: Neapolitan Yellow Tuff. For profile location, 
see the bottom map inset. Uninterpreted seismic lines are available in the supplementary material. 

 
 

 
Fig. 5. (a) Structural map of the Campi Flegrei caldera offshore sector (Pozzuoli Gulf). Faults are colour-coded according to the legend and structural plots. Barbs 
indicate the downthrown block. Isobath contour interval is 10m (thin white lines), major contour interval is 50 m (thick white lines). Stereographic projections of 
mapped faults (equiareal net, lower hemisphere) (b) inner ring faults; (c) medial ring faults; (d) outer ring faults; (e) dome faults. Rose diagrams of fault strike and dip 
angle. (f) inner ring fault; (g) medial ring fault; (h) outer ring fault; (i) dome faults; (j) dikes; (k) dip angle frequency plot of the mapped faults. Projection of Pennata 
structure is after Natale et al. (2022). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 



  

 

 

 

 

5. Discussion 

 
In the following section, we address the evolution of the caldera 

structure and the dome fault system in relation to available information 
for the structures outcropping on land. Finally, we summarise the evo- 
lution of the offshore Campi Flegrei caldera during the different volcano- 
tectonic phases that have occurred in the last 40 kyr. 

 
5.1. Offshore caldera structure 

 
The existence and the origin of the Campi Flegrei caldera have been 

extensively debated in the literature, with some authors attributing the 
formation of the caldera to the CI eruption (i.a., Rosi and Sbrana, 1987; 
Sbrana et al., 2021), to the NYT eruption (Rolandi et al., 2003, 2020), or 
the combination of both (Orsi et al., 1996; Acocella, 2008, 2010; Vitale 
and Isaia, 2014). Here, we document that the caldera ring faults acted 
during two distinct collapse episodes, with the CI and the NYT 
caldera-forming eruptions, giving rise to a nested and telescopic 
depression. 

In the seismic dataset, the CI unit is not recognised in the hanging 
wall of ORFS. On the contrary, it is observed at ~100 m b.s.l. in the 
extra-caldera areas, in stratigraphic contact with the pre-CI volcanic 
banks (Fig. 3a), similarly to what occurs on-land (Camaldoli, Quarto, 
and Monte di Procida; Fig. 1a; Di Girolamo et al., 1984; Rosi and Sbrana, 
1987; Orsi et al., 1996; Vitale and Isaia, 2014). However, inside the 
caldera, the CI unit is not visible within the seismic penetration limit, i. 
e., ~350 ms (~300–350 m). This observation is consistent with the 
~450–500 m (b.s.l.) depth at which CI occurs in the CFDDP (Campi 
Flegrei Deep Drilling Project) pilot borehole (Figs. 1, 5a and 6a; De 
Natale et al., 2016). 

Furthermore, the depth of the NYT unit between ~200 and 250 m in 
the CFDDP borehole (Fig. 6a) is comparable to the ~200 m depth 
measured in the analysed seismic dataset in the hanging wall of the IRFS. 
The similar measured depths of NYT and inferred depths of CI in the 
Pozzuoli Gulf and the CFDDP suggest that also this borehole is located in 
the hanging wall of the westernmost caldera fault beneath the Bagnoli 
plain (i.e., the IRFS), in agreement with the borehole data of Calderoni 
and Russo (1998). Considering the aggregate downthrow along the three 
ring fault zones of both the CI and the NYT, the minimum collapse es- 
timate is ~300–350 m (Fig. 6a). Subtracting the values of 100–120 m, 
summing the throw on the inner and the medial achieved during the 

NYT collapse (Fig. 6b), by difference the resulting 200–250 m value can 
be referred to the older CI caldera collapse (Fig. 6c), which records 
displacements along the caldera rims 2–3 times larger than that recon- 
structed for the NYT. This evaluation rules out the possible but less 
significant local collapses due to minor eruptions or tectonic activity and 
highlights that the caldera collapses granted the accommodation space 
for the subsequent emplacement of volcaniclastic and sedimentary de- 
posits (M1 unit; Fig. 6b), while the effect of sea-level changes on ac- 

commodation space compared to the CI caldera formation is negligible. 
This displacement estimate highlights that the caldera structure was 

already present during the NYT collapse, which reactivated the major 
fault planes, in agreement with previous works (Orsi et al., 1996; Aco- 
cella, 2008; Vitale and Isaia, 2014) and different from others (i.a., Rosi 
and Sbrana, 1987; Sbrana et al., 2021). 

With the NYT unit well within the seismic penetration limit (s.p.l.), 
we could go into detail about the NYT collapse process offshore. The 
constant thickness of the NYT unit on both sides of the IRFS (Fig. 3a) 
suggests no syn-depositional faulting but a collapse toward the end of 
the eruption, as suggested by Wohletz et al. (1995) on land. In contrast, 
we observe thickness differences of the NYT unit between the MRFS 
hanging wall and footwall (Fig. 7c), albeit some uncertainty exists due to 
possible post-caldera erosion (Fig. 3a, b, d). This change in thickness 
might be linked to syn-depositional faulting of the NYT, similarly to 
what has been observed on the Coroglio cliff (Fig. 5a) by Scarpati et al. 
(1993) and Wohletz et al. (1995), who envisaged the start of the collapse 
during the early stages of emplacement of the NYT Upper Member, 
denoted by the emplacement of a lithic breccia and welded scoriae units. 
This feature suggests that the collapse progressed inward from the MRFS 
to the IRFS. Although being less evident (Fig. 7e), the ORFS likely 
reactivated during the NYT collapse, as suggested by the several faults 
affecting the Ammontatura structure, which conversely do not displace 
the gently inclined abrasion surface (Figs. 3a and 7c), in turn, sealed by 

the S2 unit (>12 ka, Natale et al. (2022) The activation of such pe- 
ripheral faults is also described on land (Acocella, 2008; Vitale and Isaia, 
2014). 

These observations support the nested caldera model proposed by 
different authors (Orsi et al., 1996, 1999; Acocella, 2008; Vitale and 
Isaia, 2014). In such a scenario, the mapped outermost (ORFS) offshore 
caldera rim connects to Posillipo hill to the east and beneath Capo 
Miseno to the west, representing the outermost structural highs (Fig. 5a) 
of both caldera collapses. The innermost rim (IRFS) continues in the 

 

 
 
Fig. 6. (a–c) Schematic back-stripping cartoon summarising the ring fault zone evolution in the last 40 kyr. The constraint on unit depths results from seismic profiles 
and the CFDDP borehole, (location is in Figs. 1a and 5a). Abbreviations: S.p.l.: Seismic penetration limit. M0: Marine and volcaniclastic units older than CI. PPB: 
Penta Palummo Bank; CI: Campanian Ignimbrite; M1: Marine and volcaniclastic units younger than CI. NYT: Neapolitan Yellow Tuff. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 7. Zoomed sections of selected fault zones. (a) The GeoB08-065 E-W profile shows the structural relationships between the hanging wall and the footwall of the 
western inner ring fault, highlighting the fault growth and drag folding of reflectors. (b) Zoomed section Seistec-009 with a high-resolution image of fault activity. (c) 
The GeoB08-050 N–S profile highlights the erosive features affecting the medial ring fault and thickness differences between hanging wall and footwall. (d) The 
GeoB08-100 N–S profile shows the uplifted Pennata structure and the graben faults affecting the S6 unit. (e) The E-W oriented GeoB08-064 shows the complex stratal 
architecture of the eastern outer ring fault system. (f) Compound profiles of high-resolution Seistec 007 (N–S) and 801 (E–W) show the relationships between faults, 
abrasion surface, and channelised deposits. Abbreviations: M1 Marine and volcaniclastic units younger than CI; NYT: Neapolitan Yellow Tuff; BV: Bellavista; BA: 
Bacoli; FdB; Fondi di Baia; CM; Capo Miseno; NI: Nisida. Uninterpreted seismic lines are available in the supplementary material. 

 

Bagnoli plain to the east and along the Epitaffio-Averno alignment to the 
west (Figs. 1a and 5a). 

This work clearly highlights the presence of an offshore caldera 
structure, in agreement with most of the previous literature, including 
geophysical data (Florio et al., 1999; Secomandi et al., 2003; Zollo et al., 
2003; Capuano et al., 2013), and sensibly differently from studies that 
insist on denying the existence of the caldera (e.g., Torrente et al., 2010; 
Torrente and Milia, 2018 and references therein). However, compared 
to existing CF caldera structural models (e.g., Orsi et al., 1999; Acocella, 
2008; Sbrana et al., 2021), our results bring elements of novelty, espe- 
cially in terms of geometry and fault kinematics. For the first time, we 
mapped three distinct caldera rims instead of two caldera rims (Aco- 
cella, 2008; Sacchi et al., 2014; Steinmann et al., 2016, 2018) and 
depicted a sub-circular nested caldera structure differently from previ- 
ous works that suggested a broader geometry running to the southeast 
including part of the gulf and the urban area of Naples and exposed 
pre-caldera deposits (Orsi et al., 1999; Perrotta et al., 2006). 

We also underline that the surficial structures (<300 m) of the 
caldera rims in the offshore show moderate dip angles (~65◦) with 
normal kinematics (Fig. 5k), differently from the previous literature that 
implied vertical faults (e.g., Orsi et al., 1996), or outward-dipping 

reverse faults such as predicted by analogue modelling at shallow 
levels (Acocella, 2008). However, the reverse faults may occur at deeper 
levels (below seismic penetration limit) to accommodate the horizontal 
movement triggered by the lithostatic collapse (e.g., Acocella, 2007) 
unless a significant extensional field occurs (Geyer and Martí, 2014). 
More importantly, despite the long-term caldera resurgence exceeding 
100 m of in the last 15 kyr, no evidence of positive inversion (from 
normal to reverse kinematics) is found along the offshore ring faults, 
unlike the results of analogue models (e.g., Acocella et al., 2000), and 
seismic profiles interpretation (e.g., Corradino et al., 2021). 

Some sectors of each ring fault system show evidence of deformation 
younger than the NYT collapse, which is here interpreted as due to the 
reactivation of preexisting faults. For the IRFS, most of the reactivation 
occurs in the western sector, both as faulting (Fig. 3c) or passive folding 
in the ~N–S segment near Bacoli and Baia (Fig. 7a and b), which results 
in hanging wall sequences thickening (i.e., growth strata) within seismic 
units younger than S3, as observed in other setting and experiments for 
blind normal faults (Hardy, 2011, 2013). This evidence suggests that 
normal fault motion is coupled with intra-caldera resurgence, allowing 
thicker sequences to be laid down in this part of the caldera collar 
(Fig. 7b). Furthermore, the MRFS cuts through units younger than NYT 
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(Fig. 3e), being reactivated during the early Epoch 3b (4.4–3.7 ka, 
Natale et al., 2022). Some antithetic fault arrays of the ORFS dislocate 
seismic reflectors up to S6–S7 unit but are sealed by the Capo Miseno 
tephra (~3.7 ka, S8 unit, Fig. 7d); these NW-SE striking, SW-dipping 
normal faults are also found on the coast, cutting the tuff of Bacoli 
volcano (Fig. 1a, S2 unit), and more to the west, affecting the tuffs of 
Torre Cappella and Bellavista (Isaia et al., 2018). 

It was previously noticed (e.g., Steinmann et al., 2016) that an 
extensive fluid uprise occurs on the ring faults, which, together with the 
occurrence of dikes and sills (e.g., Punta Pennata bysmalith; Natale 
et al., 2022) emplacement along the ring fault system, suggests that the 
ring faults are preferred paths for the magmatic-hydrothermal fluid 
migration toward the surface, and significantly contribute to the gas 
output budget of the hydrothermal system. In concert with the matching 
between the mapped ring faults and the hydrothermally altered regions 
within the caldera (Walter, 2008), as marked by geophysical (Barberi 
et al., 1991; Corrado et al., 1998; Carlino et al., 2012; Jasim et al., 2015) 
and hydrogeochemical studies (e.g., Ebrahimi et al., 2022). 

 
5.2. Dome faults 

 
Several authors have mapped faults in the resurgent dome area using 

seismic reflection profiles (Colantoni et al., 1972; Sacchi et al., 2014; 
Natale et al., 2020; Corradino et al., 2021), while others (e.g., Orsi et al., 
1999) have inferred them using the earthquake hypocentre distribution 
during the 1982-84 seismo-volcanic crisis. Based on solid geological 
observations, we provide a detailed geometric characterisation and a 
novel interpretation of the processes leading to forming such a fault 
system. In terms of geometry, we depict the coexistence of ~NE-SW and 
E-W faults in this area, with the ~NE-SW faults extending beneath the 
shelf toward the coast. Concerning the formation process of such a fault 
array, we exclude that this fault system can be related to the outer arc 
extension of the resurgent dome suggested by different authors (e.g., 
Corradino et al., 2021 and references therein). Our interpretation bases 
on the following factors: (i) faults are sub-vertical, implying negligible 
layer-parallel extension; (ii) lack of growth strata and multiple abrasion 
surfaces; and (iii) the last faulted units observed in the seismic profiles 
(Fig. 4; S6 and S7 units, ~4.4 ka, Natale et al., 2022) are covered by 
valley-ponding deposits of S8 unit (<4.3 ka), deposited during the Epoch 
3b, well recorded in the offshore by a wide abrasion surface developed 
during the uplift phase (Fig. 7f). On land, recent works have reported 
faults cutting the equivalent of S6 unit (i.e., AMS tephra) and sealed by a 
paleosol (Vitale and Isaia, 2014; Isaia et al., 2019; Vitale et al., 2019; 
Bevilacqua et al., 2020). In addition, no evidence of fault reactivation 
exists in the offshore associated with the 15 m of uplift predating the 
Monte Nuovo eruption (Di Vito et al., 2016). The occurrence of almost 
vertical faults and the concurrency of normal and reverse kinematics are 
consistent with analogue models (Ruch et al., 2012) and field examples 
(Diamanti et al., 2022) of collapse faults that justify the recorded high 
throws. Likely, the two main sets of NE-SW and E-W faults mutually 
connect, producing hard-linked polygonal arrays (sensu Cartwright 
et al., 2003), suggesting a non-coherent collapse (i.e., piecemeal; Roche 
and Druitt, 2001). We suggest that the dome fault array is most likely 
associated with a single collapse episode, concurrent to the magma 
chamber emptying of the large-volume AMS eruption (>1 km3 DRE; Di 
Vito et al., 1999; De Vita et al., 1999; Smith et al., 2011). This important 
event was also marked by the deposition of the transgressive Pozzuoli 
Unit separating Epoch 3a and 3b tephras (Isaia et al., 2009, 2019; Vitale 
et al., 2019; Natale et al., 2022). The activation of some faults associated 
with the Pomici Principali Plinian eruption (12 ka) cannot be ruled out, 
as its deformation resembles a similar pattern to AMS. 

All this supports the reactivation of old inherited sub-vertical tec- 
tonic structures during discrete volcano-tectonic collapse (Vitale and 
Isaia, 2014). Furthermore, the mapped structures fit well with the 
known structures along the central coastal sector of the caldera, 
extending the uprise of hydrothermal fluids in the offshore part of the 

resurgent dome (Carlino et al., 2016). 

 
5.3. Volcano-tectonic evolution in the last 40 kyr 

 
The results of the present work have implications for the offshore 

evolution of the shallow structure of the CF caldera, as depicted in eight 
discrete stages from the formation of the CI caldera to the last historical 
eruption of Monte Nuovo (Fig. 8). 

 
5.3.1. Stage1: Campanian Ignimbrite collapse 

At ~40 ka, the CI collapse occurred (Fig. 8a), limiting the exposure of 
older rocks only on structural highs outside the caldera, including the 
volcanic banks of Penta Palummo and Miseno in the offshore. On land, 
these older rocks are represented by the Monte di Procida and Acqua- 
morta volcanoes, Torregaveta lava, Punta Marmolite and Cuma lava 
domes and tephras, pre-CI rocks exposed at Camaldoli, and the tuff 
cones and rings cropping out in the urban area of Naples (Isaia et al., 
2018). 

 
5.3.2. Stage2: Intercaldera period 

Following the CI eruption, the ORFS controlled the location of most 
of the post-CI vents, mainly placed within the collapsed area (Fig. 8b), 
except for the Pampano-Mt. Dolce bank (Sacchi et al., 2020) and the 
small mushroom-shaped volcanic unit recognised by Steinmann et al. 
(2016). In this time frame, also the eruption of Solchiaro at Procida 
occurred, representing an occurrence of tectonic-controlled off-caldera 
volcanic activity after the CI eruption (De Astis et al., 2004). The post-CI 
vents encompass the Torregaveta volcano, the Trentaremi tuff cone, and 
the Ammontatura buried bank. Other inter-caldera eruptions are re- 
ported in the literature, such as the Monterusciello, Verdolino, Masseria 
del Monte, Monticelli and Lagno Amendolare eruptions (Isaia et al., 
2018). The extensional regional tectonics in this period could play an 
important role in localizing off-caldera volcanism. 

 
5.3.3. Stage3: Neapolitan Yellow Tuff collapse 

The NYT collapse occurred by partially reactivating the CI ring 
faults, firstly the MRFS and later the IRFS and subordinately the ORFS 
(Fig. 8c). The involvement of preexisting caldera structures seems 
crucial in collapse progression and also affected the tapping of different 
magma batches throughout the eruption (Forni et al., 2018). Compared 
to the CI collapse, the amount of displacement on the offshore structures 
was about three times smaller, in agreement with the different magni- 
tude of the two eruptions. 

 
5.3.4. Stage4: pre-doming post-NYT activity 

Shortly after the NYT eruption, the volcanic activity clustered on the 
ring faults (Di Vito et al., 1999; Orsi et al., 2004; Bevilacqua et al., 2016). 
The Pomici Principali Plinian eruption was followed by marked subsi- 
dence (Natale et al., 2022), which was likely accompanied by the ac- 
tivity of normal faults in the coastal sector, creating accommodation 
space to host the marine-transitional units of La Starza (Fig. 8d). 

 
5.3.5. Stage5: syn-doming post-NYT activity 

The caldera resurgence that occurred during Epochs 2 and 3a (i.a., 
Isaia et al., 2019; Natale et al., 2022) was confined within the IRFS 
(Bevilacqua et al., 2020), whereas volcanism at this stage occurred be- 
tween the IRFS and the MRFS (Fig. 8e). This doming phase inverted the 
previously formed depocenter of the caldera, producing ~60-80-m of 
uplift (Isaia et al., 2019; Natale et al., 2022), lasting until the AMS 
eruption. Coeval with this uplift phase, the western IRFS show evidence 
of reactivation. 

 
5.3.6. Stage6: AMS collapse and Pozzuoli Unit deposition 

The AMS eruption (4.55 ka) caused the formation of a minor caldera 
(Agnano Plain, Fig. 1a; 8f) but also the collapse of the central sector of 
the resurgent dome accommodated by the dome faults (Figs. 5a and 8f). 
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Fig. 8. E-W oriented cartoon sections summarising the evolution of the offshore sector of the CF caldera in the last 40 kyr. (a) CI caldera collapse, the map inset 
shows activated ring faults and older volcanic centres. (b) Sedimentation of M1 unit and post-caldera volcanism broadly focused on the caldera rims. (c) NYT caldera 
syn-eruptive collapse on MRFS and late collapse on IRFS. Map inset shows activated ring faults. (d) Post-NYT Epoch 1 volcanism and post-PP subsidence; map inset 
shows numerous eruptions along the peripheral zone. (e) Epoch 2 and 3a uplift centred in Pozzuoli associated with eruptions at the resurgent dome periphery. Map 
inset also shows the activity of the western inner ring fault. (f) Volcano-tectonic collapse following AMS eruption controlling the deposition of the transgressive 
Pozzuoli Unit. Map inset also shows the activity of the western inner ring fault (g) Epoch3b renewed uplift with lava dome emplacement near the deformation centre 
and peripheral eruptions. Map inset also shows the activity of the western inner ring fault system. (h) Uplift centred in Pozzuoli and Monte Nuovo eruption at the 
periphery of the resurgent dome. Map inset also shows the activity of the western inner ring fault. Abbreviations: PPB: Penta Palummo Bank; M0: marine and 
volcaniclastic units older than CI; CI: Campanian Ignimbrite. M1: marine and volcaniclastic units younger than CI; NYT: Neapolitan Yellow Tuff; BA: Bacoli; PM: 
Porto Miseno; NB: Nisida Bank; ST: Santa Teresa; B-FdB: Baia-Fondi di Baia; CM: Capo Miseno; NI: Nisida; MN: Monte Nuovo. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 

 

The southwestern portion of the IRFS and the southern part of the MRFS 
show discrete reactivation. Following this event, the caldera experi- 
enced subsidence with the deposition of the transgressive Pozzuoli Unit 
(4.44 ka, Isaia et al., 2009). 

 
5.3.7. Stage7: Epoch 3b uplift 

Renewed ground uplift, accompanied by seismo-volcanic activity, as 
documented by paleoliquefaction evidence (Vitale et al., 2019, 2022), 
predates the volcanic eruptions of Epoch 3b, with multiple dome 

intrusions in the central area and the last eruptions (i.e., Nisida, Capo 
Miseno; Smith et al., 2011) clustered along the ring faults (Fig. 8g). The 
western IRFS cross-cuts the sequences of this stage suggesting a mutual 
relationship between the doming and the activity of this fault system 
(Fig. 6a). 

 
5.3.8. Stage8: Monte Nuovo eruption 

After more than two millennia of quiescence, two-centuries-long 
volcano-tectonic crises ended with the eruption of Monte Nuovo in 
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1538 CE, again located close to the ring fault zone (Fig. 8h), following a 
ground uplift at the caldera centre (Di Vito et al., 2016). The western 
IRFS cross-cuts the S10 unit associated with Monte Nuovo tephra 
(Fig. 6b), suggesting its long-lived activity in the last 10 kyr. 

 
6. Conclusive remarks 

 
This work provides a backdrop for the formation and evolution of the 

offshore surficial structure of the CF caldera. A detailed structural map 
of the Pozzuoli Gulf, encompassing one-third of the CF caldera, is pro- 
vided, and the activity of different fault systems in the last 40 kyr is 
defined. Two main fault systems were distinguished: the caldera ring 
and resurgent dome faults. The analysis of the displacement along the 
ring faults for the CI and NYT units indicates the occurrence of the CI 
caldera before the NYT eruption. 

For the first time, we reconstructed three distinct caldera rims and 
associated fault zones that accommodated the CI caldera collapse at 40 
ka and the subsequent NYT collapse at 15 ka. These offshore structures 
join with the two corresponding rims recognised on land, bounding the 
structural highs of Monte di Procida and Baia to the west and Posillipo to 
the east. Volcanic eruptions during inter-caldera periods generally 
occurred across the ring faults, with the caldera depression providing 
the necessary accommodation space to host volcaniclastic deposits. The 
caldera collapse associated with the NYT eruption produced differential 
reactivation of the preexisting CI caldera faults. The offshore collapse 
was accommodated mainly by the two innermost rims, which continue 
on land in Coroglio to the east and Toiano to the west. In the last 15 kyr, 
the ring faults had a pivotal role in controlling the upward magma 
migration and localisation of several eruptive vents, magmatic dikes, 
and hydrothermal fluids, a phenomenon that continues to the present 
day. Finally, the observation that ring faults at the shallow level (i.e., 
first 300 m) show normal kinematics and generally are not vertical, with 

dip angles of 60–80◦, questioning previous literature reconstructions. 
In the central part of the gulf, we recognised two fault sets, the older 

shows NE-SW to NNE-SSW strike, and an E-W strike marks the younger. 
The former faults form a depressed area in the dome culmination that 
continues on land with the graben bounded by the two structural highs 
of Rione Terra and La Pietra/Accademia. We associate this structural 
depression with a gravitational collapse at the reservoir scale likely 
related to the AMS eruption that also produced a minor caldera on-land. 
The detailed characterisation of such fault arrays is crucial to correlate 
local anomalies in the deformation pattern to existing structures, 
consider the role of such densely-spaced faults in conveying fluids to- 
ward the seafloor, and better define the hydrothermal system in the 
offshore region of the resurgent dome. 

Our study highlights the crucial role of the ring faults in accommo- 
dating the subsidence of the caldera collar and in focusing localisation of 
post-caldera deformation. Because ring faults control magma migration 
and ascent, they may represent a preferred site for future eruptions. 
Furthermore, these deep-seated, intensely fractured zones connect the 
shallow hydrothermal system to the surface; hence their detailed anal- 
ysis may have valuable implications for volcano monitoring purposes 
and geothermal potential characterisation and exploitation. 
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