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A B S T R A C T

The oldest volcanism documented in near-vent sections around the Campi Flegrei (CF, southern Italy) caldera
does not exceed ~78 ka, even though the mid- to ultra-distal tephrostratigraphic record would suggest that
activity in this area started well before that. Reconstructing the activity preceding the large caldera-forming
Campanian Ignimbrite (CI) eruption of ~40 ka, via surface geological surveys in proximal areas, is chal-
lenging because of the poor accessibility and paucity of sections recording the older chronostratigraphic interval.
In order to fill the gap in knowledge of the activity preceding the CI eruption, a 113.2 m deep scientific drillhole
was emplaced in the Ponti Rossi area, in the northern part of the city of Naples. The Ponti Rossi area was selected
as representative of the stratigraphic setting prior to the CF caldera formation because it is close, although
external, to any proposed caldera rim or downthrown area. The cored succession, consisting of pyroclastic de-
posits separated by paleosols, reworked humified deposits or subaerial erosional surfaces, has been logged and
sampled for sedimentological, mineralogical, and geochronological analyses. Thirty-one Pyroclastic Units (PU)
were identified. Based on the structural/textural features of the recovered sediments, the first relevant result is
the possible absence of the CI, while the deposits of the ~15 ka Neapolitan Yellow Tuff eruption, the second
largest caldera-forming event of CF, represent the shallowest sediments. 40Ar/39Ar age determinations on alkali
feldspars, extracted from juvenile fragments collected at 45.8–45.9 (PU-29) and 99.5–99.6 (PU-1) metres of
depth, yielded ages of 59.03±0.50 ka and 110.00±0.35 ka, respectively. The age obtained for the deepest cored
unit, having sedimentological characteristics compatible with proximal deposition, represents the oldest age
obtained for a pyroclastic deposit in the sequences near the CF caldera boundaries and extends by 30 ky the
explosive history of this area. Furthermore, based on 40Ar/39Ar age constraints, at least 29 eruptions, spanning
the ~59–110 ka interval, can be added to the volcanic history of the Neapolitan Volcanic Area. These eruptions
can be largely attributed to the CF area, prior to the CI caldera formation, and testify to hitherto unknown,
intense explosive activity.

1. Introduction

Reconstructing the eruptive history of an active volcanic area,

through detailed stratigraphical and geochronological investigations, is
pivotal for accurate knowledge of type, size, and frequency of eruptions,
which in turn represent crucial data for volcanic hazard assessment in
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densely populated regions (e.g., Cioni et al., 2003; Orsi et al., 2004,
2009; Lirer et al., 2010; Alberico et al., 2011; Bevilacqua et al., 2022a).
Nevertheless, exploring the older volcanic activity is a challenging task
because field-based studies often provide only a partial reconstruction,
limited to the most recent and/or voluminous volcanism. Deposits of
past eruptions may occur in a few scattered outcrops preserved in non-
volcanic successions in medial-distal settings (e.g., Di Vito et al., 2008;
Zernack et al., 2011; Németh and Palmer, 2019; Monaco et al., 2022a) or
may be buried/eroded by the emplacement of younger pyroclastic de-
posits in near-vent areas. In addition, large explosive eruptions may
result in a volcano-tectonic collapse, which further degrades the prox-
imal stratigraphic record, usually partially preserved along the caldera
margins (e.g., Orsi et al., 1996; Perrotta et al., 2006, 2010; Branney and
Acocella, 2015; Gooday et al., 2018; Vineberg et al., 2023). This may
result in under-estimation of eruptions, which worsens back in time, and
can pose relevant issues in properly assessing the long-term volcanic
hazard and determining return periods over a very long-time scale.

The situation is even more complex in caldera systems that may
result from multiple (nested) collapses (e.g., Geyer and Martí, 2009;

Cole et al., 2005) such as the Campi Flegrei (CF) caldera (e.g., Orsi et al.,
1996; Vitale and Isaia, 2014), which, moreover, is located very close to
the other peri-contemporaneous active volcanoes of Ischia, Procida and
Vesuvius. The CF caldera (Fig. 1) is conventionally interpreted as the
result of two nested caldera collapses (Orsi et al., 1996) related to the
Campanian Ignimbrite (CI; 39.28±0.11 ka, De Vivo et al., 2001, recal-
culated at 39.85±0.11 ka; 39.85 ± 0.14 ka, Giaccio et al., 2017a) and
the Neapolitan Yellow Tuff eruption (NYT; 14.9±0.4 ka, Deino et al.,
2004; 14.38–13.98 ka, Matthews et al., 2015). The last ~15 ka of vol-
canic activity at CF has been thoroughly investigated (e.g., Di Vito et al.,
1999; Smith et al., 2011; D’Antonio et al., 2022 and references therein)
whereas, due to the lack of extensive exposures, only fragmentary in-
formation exists regarding the stratigraphic record preceding the
caldera formation. The CI eruption is the largest eruptive event sourced
from the Neapolitan area, with VEI 7 and estimated Magnitude (M)
between 7.2 and 7.7 (Marianelli et al., 2006; Scarpati et al., 2014; Silleni
et al., 2020). Its deposits in the Campanian region consist of a
decametre-thick, welded to lithified, grey to yellow ignimbrite sheet (e.
g., Di Girolamo, 1970; Barberi et al., 1978; Fisher et al., 1993; Fedele

Fig. 1. a) Map (Google Earth) and b) simplified geological map of Campi Flegrei (after Orsi et al., 1996 and Isaia et al., 2019) and location of the Ponti Rossi borehole
(red star) in the northern part of the municipality of Naples. The Campanian Ignimbrite (CI) and Neapolitan Yellow Tuff (NYT) caldera boundaries, according to
different authors, are reported as well as proximal sites where volcanic deposits >40 ka crop out. Inset: Location of the Neapolitan volcanoes (in bold) in the
Campania region (southern Italy); CF = Campi Flegrei, Is = Ischia Island, Pr = Procida Island, SV = Somma-Vesuvius. (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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et al., 2016; Rolandi et al., 2020; Scarpati et al., 2020; Silleni et al.,
2020, 2024) overlying a Plinian fall deposit dispersed toward the east
(Rosi et al., 1999; Scarpati and Perrotta, 2016; Scarpati et al., 2016).
Proximal deposits, cropping out along the CI caldera rim (Fig. 1), consist
of a thick sequence of eutaxitic ignimbrite (Piperno facies Auct.; Mag-
giore, 1934; Rittmann, 1950), coarse lithic breccias and matrix-
supported, unconsolidated pumice-flow deposits (e.g., Perrotta and
Scarpati, 1994; Melluso et al., 1995; Fedele et al., 2008).

In this context, scientific drillholes represent the most valuable tool
to investigate the deep stratigraphic record resulting from past eruptions
(e.g., Brocchini et al., 2001; Di Renzo et al., 2007; De Natale et al., 2016;
Sacchi et al., 2019) in proximal-intermediate areas. In order to fill the
gap in knowledge of the volcanic activity preceding the CI caldera
collapse, a scientific drillhole was emplaced in the Ponti Rossi area
(Fig. 1), in the northern part of the city of Naples, in the framework of
the INGV – Pianeta Dinamico TIFEHO (Trachytic Ignimbrites magma-
chambers Formation and Evolution in the pre-HOlocene history of the
Campania volcanic area) project, whose main goal is to investigate the
volcanic activity older than high magnitude, caldera-forming eruptions
in the Neapolitan Volcanic Area. The latter is hereafter referred to as the
area that gave rise to the volcanism that preceded the CI eruption ac-
cording to the nomenclature reported by Pelullo et al. (2024). In this
work, we present the detailed stratigraphy of the Ponti Rossi borehole,
along with the structural/textural features and mineralogical charac-
terization of the cored units, and 40Ar/39Ar age determinations on two
samples collected from selected units (which include the deepest one).
The drilled succession provided evidence for a significant volcanic ac-
tivity preceding the CI eruption that extends at least 30 ky further back
in time than the oldest previously known explosive activity in the CF
area.

2. Geological setting and volcanic activity of Campi Flegrei

2.1. Structural setting

CF represents the continental portion of a late Pleistocene to Holo-
cene volcanic district that also comprises the islands of Ischia and Pro-
cida, off the Gulf of Naples (e.g., Orsi et al., 1996; Sbrana et al., 2021)
(Fig. 1). The CF area is located along the Tyrrhenian Sea margin of the
Campanian Plain (Fig. 1), a 35-km-wide Pliocene-Pleistocene structural
depression bounded by Mesozoic carbonate ridges (e.g., Scandone et al.,
1991; Santangelo et al., 2017), which has been the site of intense
volcanism following a stage of extensional tectonics connected to the
Tyrrhenian Sea opening (e.g., Vitale and Isaia, 2014; Vitale and Ciarcia,
2018; Milia and Torrente, 2020).

The exact onset of the volcanism in the Campanian Plain is not well
constrained although ignimbrite-forming activity dates to at least 290 ka
(e.g., De Vivo et al., 2001; Rolandi et al., 2003; Belkin et al., 2016). The
conventional view (e.g., Barberi et al., 1991; Orsi et al., 1996; Sbrana
et al., 2021; Orsi, 2022) suggests that the present-day morpho-structure
of CF is dominated by a 12-km-wide volcano-tectonic depression
(caldera), formed as a consequence of the CI and NYT eruptions, the
limits of which extend both on land and offshore (e.g. Orsi et al., 1996;
Vitale and Isaia, 2014; Steinmann et al., 2016; Natale et al., 2022a,
2022b). The inferred collapsed area during the CI eruption is still not
well constrained, particularly regarding its eastern boundary in the city
of Naples (Fig. 1). Some authors include the western and central part of
Naples in the collapsed area (Orsi et al., 1996; Perrotta et al., 2006)
while other authors suggest a roughly semi-circular caldera boundary
not incorporating the central sector of the city (Rosi and Sbrana, 1987;
Vitale and Isaia, 2014; De Natale et al., 2016; Sbrana et al., 2021). The
different models concerning the structural setting of the CI caldera were
crucial for the selection of the drilling site as the drillhole was emplaced
outside any caldera rim and/or downthrown area.

2.2. Post-CI and post-NYT activity

In the time span between the CI and NYT eruptions, at least 9
explosive events occurred. This explosive activity mainly resulted in a
pyroclastic succession referred to as “Tufi Biancastri” (Whitish Tuffs;
Rittmann, 1950). This succession consists of pyroclastic units, alter-
nating pyroclastic current and fall deposits, separated by paleosols
representing periods of quiescence. One of the eruption units (the fourth
unit above the CI in the Ponti Rossi area) belonging to the “Tufi Bian-
castri” succession has been correlated to a widespread ash layer (Y-3
tephra), showing a Phlegraean geochemical signature. The dispersal of
this ash layer in the Mediterranean area and the calculated volume
(~17 km3 DRE) suggested the occurrence of a third caldera-forming
eruption at 29.3±0.7 ka (±2σ), associated with a deposit named Mas-
seria del Monte Tuff, although no proximal evidence of a caldera
collapse exists (Albert et al., 2019). On the other hand, the Y-3 ash layer
was dated at ~30–31 ka by Zanchetta et al. (2008) and correlated to the
first unit above the CI (unit VRa) in the Verdolino quarry (Orsi et al.,
1996). Following the NYT eruption, eruptive activity was mainly char-
acterized by medium- to small-scale, magmatic to phreatomagmatic and
minor effusive eruptions grouped into three main epochs (Di Vito et al.,
1999; Smith et al., 2011) separated by long periods of quiescence. The
vents of this <15 ka activity, comprising at least 70 eruptions, were
mainly clustered within the NYT caldera and along its boundaries
(Fig. 1) (e.g., Orsi et al., 1996; Di Vito et al., 1999). The largest post-NYT
eruptive events are the ~12 ka Pomici Principali eruption and the ~4.5
ka Agnano Monte Spina eruption (Di Vito et al., 1999; Orsi et al., 2009).
The latter was also responsible for a small volcano-tectonic collapse
forming the Agnano Plain (Fig. 1) in the eastern sector of the CF caldera
(de Vita et al., 1999). The last CF eruption occurred in 1538 CE and
produced the Monte Nuovo tuff cone (e.g., Di Vito et al., 1987, 2016;
D’Oriano et al., 2005; Piochi et al., 2005). Volcanic activity within NYT
caldera has been coupled with significant long-term ground deforma-
tion, mainly in its central part, that alternated between uplift and sub-
sidence, started soon after the NYT eruption and is still ongoing (e.g., Di
Vito et al., 1999; Isaia et al., 2019; Tramelli et al., 2022; De Martino
et al., 2021; Bevilacqua et al., 2022b). Following the 1970–72 and
1982–84 bradyseismic unrests (e.g. Scarpa et al., 2022), since 2005 a
new inflation phase started at CF (e.g., Astort et al., 2024), whose cur-
rent activity is characterized by shallow seismicity, degassing and
geothermal activity (e.g. Piochi et al., 2014; Chiodini et al., 2021; Isaia
et al., 2021; Tramelli et al., 2022; Bevilacqua et al., 2022b; Giacomuzzi
et al., 2024; Del Pezzo and Bianco, 2024).

3. Volcanism prior to the CI: an overview

Volcanism predating the CI eruption in the Neapolitan Volcanic Area
is related to the activity of CF, Ischia and Procida (Fig. 2). These volcanic
sources produced caldera-forming eruptions, monogenetic volcanoes,
lava domes, and widely dispersed, sheet-like pyroclastic deposits (e.g.,
Sbrana et al., 2018, 2021; De Astis et al., 2004). The Somma-Vesuvius
volcano can be excluded as a possible source, being younger than 40
ka. The stratigraphic record from boreholes (e.g. Brocchini et al., 2001;
Di Renzo et al., 2007) highlights that the growth of Somma-Vesuvius
postdates the CI eruption, although pyroclastic deposits and lavas
older than 40 ka (the oldest lavas have been dated between 300 and 400
ka) have been intersected, representing evidence of ancestral volcanism
occurred in the area currently occupied by Somma-Vesuvius.

The prevailing wind pattern in the Neapolitan region is toward the
NE-SE quadrant and the same dispersal direction characterizes the dis-
tribution of the pyroclastic products vented from the Neapolitan vol-
canoes, both younger (e.g., de Vita et al., 1999; Isaia et al., 2004; Orsi
et al., 2004) and older (Di Vito et al., 2008) than CI (including the CI fall
deposit, Rosi et al., 1999; Scarpati and Perrotta, 2016). For this reason,
the medial/distal exposures of pre-CI pyroclastic units are mostly
confined in a NE-SE sector from the source area (e.g., Di Vito et al., 2008;
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Monaco et al., 2022a; Fernandez et al., 2024).
An overview of the pre-CI volcanism at Campi Flegrei, Ischia and

Procida is provided below, while schematic logs of the stratigraphic
successions >40 ka are illustrated in Fig. 2.

3.1. Campi Flegrei

Results of field surveys highlighted that pre-CI volcanism in the CF
area produced mainly explosive eruptions and minor effusive eruptions
forming lava domes (e.g., Orsi et al., 1996 and references therein). Ex-
posures of volcanic deposits older than 40 ka occur in scattered sites
from proximal (CF caldera rim associated to CI eruption) to medial/
distal settings (Apennine Chain) although their stratigraphic correlation
is poorly investigated and unclear. Sub-surface geology, investigated
through borehole data both inside and outside the caldera, shows evi-
dence of pre-CI volcanism as well (e.g., Orsi et al., 1996; Pappalardo
et al., 2002; Bellucci et al., 2006; Perrotta et al., 2006; De Natale et al.,
2016). In proximal sites, pre-CI volcanic deposits crop out in a few
natural exposures and quarries along the scarps bordering the CI

caldera, moving clockwise from west to east (Fig. 1): Monte di Procida
(Acquamorta and Torregaveta), Cuma, San Severino, Punta Marmolite,
Trefola quarry, Torre di Franco, Vomero/San Martino/Capodimonte hill
(e.g. Rosi et al., 1983; Lirer et al., 1987; Orsi et al., 1996; Pappalardo
et al., 1999; Perrotta et al., 2006, 2010; Scarpati et al., 2013, 2015). The
oldest dated tephra (San Martino Lower Tephra), tentatively attributed
to Plinian activity, collected from a pyroclastic sequence at the base of
the San Martino hill (Fig. 2) in the city of Naples, yielded an age of 78.66
±0.88 ka (Scarpati et al., 2013). In the nearby areas, older undated
deposits are represented by at least four monogenetic cones (Parco
Margherita, Parco Grifeo, Funicolare di Chiaia and San Sepolcro; Fig. 2),
plus a buried lava dome, forming the hilly morphology of the city of
Naples (Romano et al., 2013; Scarpati et al., 2013, 2015). Similarly,
along the Monte di Procida promontory (Fig. 2), to the south-west of the
CI caldera rim, two tuff cones (Vitafumo and Miliscola, Perrotta et al.,
2010; Santangelo et al., 2024) and a lava dome represent the oldest
(>74 ka) volcanic landforms in the stratigraphic record, mantled by a
thick sequence of pyroclastic fall layers and tuff deposits, attributed to
the activity of Ischia, Procida and CF, in turn capped by the proximal CI

Fig. 2. Map showing the location of the proximal to mid-distal pyroclastic sequences older than the ~40 ka Campanian Ignimbrite in both the continental and insular
sector of the Campi Flegrei district. Monogenetic edifices (tuff cones and tuff rings) are reported in italics. Source of stratigraphic data: Cuma, San Severino, Punta
Marmolite, Trefola, Torre di Franco (Orsi et al., 1996); Torregaveta (Pappalardo et al., 1999); Acquamorta (Perrotta et al., 2010; Vineberg et al., 2023); Vomero/San
Martino/Capodimonte (Perrotta et al., 2006; Scarpati et al., 2013, 2015); Procida (De Astis et al., 2004; Perrotta et al., 2010); Ischia (Brown et al., 2008); Campanian
Plain main tephra (Di Vito et al., 2008; Monaco et al., 2022a; Fernandez et al., 2024). Age data (40Ar/39Ar) of proximal tephra: (a) Giaccio et al. (2017b); (b)
Pappalardo et al. (2002); (c) Scarpati et al. (2013). Ages are recalculated relative to an ACs age of 1.1848 Ma (Niespolo et al., 2017) adopted in this study. The age of
the monogenetic volcanoes is based on field stratigraphic relationships: Procida and Acquamorta (Perrotta et al., 2010); Vomero/San Martino/Capodimonte (Scarpati
et al., 2013, 2015). Inset: Location and age of ancient ignimbrite units (De Vivo et al., 2001; Rolandi et al., 2003; Belkin et al., 2016). (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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deposits (e.g. Rosi and Sbrana, 1987; Orsi et al., 1996; Pappalardo et al.,
1999; Perrotta et al., 2010; Vineberg et al., 2023). A thick succession
formed by twelve superimposed pre-CI pyroclastic units, named Trefola-
a to Trefola-n (TLa to TLn), separated by humified horizons, well-
developed paleosols and reworked material, is reported at Trefola
quarry (Fig. 2) dug at the base of a scarp representing the northern sector
of the CI caldera rim (Orsi et al., 1996; Pappalardo et al., 1999; Pabst
et al., 2008). Single units vary in thickness from a few centimetres to
15.3 m. Some units (TLb, TLc, TLf and TLm; Fig. 2), composed of both
fall and pyroclastic current deposits, show characteristics compatible
with proximal deposition as impact sags or features related to sedi-
mentation from high-energy pyroclastic currents, while other units
(TLd, TLe, TLg, TLh and Tli; Fig. 2) are referred to as distal fall deposits
(Orsi et al., 1996). 40Ar/39Ar geochronological determinations on the
lowermost unit (TLa), described as a pyroclastic flow deposit, yielded an
age of 58±3 ka, while the deposits immediately underlying the CI were
dated at 45.6±0.7 (Pappalardo et al., 1999). In medial/distal settings,
exposures of pre-CI deposits are reported from 30 km as far as 55 km
from CF, along the first offshoots of the reliefs bordering the Campanian
Plain and beyond the Apennine Chain (Romano et al., 1994; Bellucci
et al., 2003; Di Vito et al., 2008; Monaco et al., 2022a). Most of medial/
distal pre-CI units tentatively attributed to CF activity, consisting of
stratified fall deposits of coarse ash to pumice lapilli with scarce lithic
fragments, are described by Di Vito et al. (2008). Five of these pyro-
clastic units (Triflisco, Santa Lucia, Cancello, Montemaoro and Madda-
loni; Fig. 2) have been recently geochemically and geochronologically
fully characterized and correlated to some well-known Mediterranean
tephra markers, preserved in the Marine Isotope Stage 5 (MIS 5) teph-
rostratigraphic record, and dated between ~92 and ~109 ka (Monaco
et al., 2022a; Fernandez et al., 2024). Different ignimbrite units (Fig. 2),
locally associated with fall deposits, dated between ~105 and ~290 ka,
were mainly recognised at the foothills of the Apennine Chain (De Vivo
et al., 2001; Rolandi et al., 2003; Belkin et al., 2016) as well as in
boreholes and through seismic profiles (e.g., Aprile and Toccaceli, 2002;
Aprile et al., 2004; Torrente et al., 2010; Pennetta et al., 2014). The age,
and related uncertainties, of such ignimbrite units are listed as reported
by De Vivo et al. (2001), Rolandi et al. (2003) and Belkin et al. (2016).
The oldest of these ignimbrite units (Fig. 2) are the three flow units
named Seiano Ignimbrites (245.9±3 ka to 289.6±1.9 ka). The lowest
unit rests directly on the Mesozoic carbonate basement of the Sorrento
peninsula and is separated from the upper units by a paleosol. The other
ignimbrite units are the 157.4±1.0 ka Taurano Ignimbrite, the 116.1
±4.4 ka Durazzano Ignimbrite and the 104.83±0.79 ka Piano di Sor-
rento Ignimbrite. In one locality (Fig. 2), the Taurano Ignimbrite is un-
derlain by a sequence composed of incoherent ash beds in turn resting
on layered tuffs. The sequence below the Taurano Ignimbrite is grouped
in the “Acqua Feconia Series Ignimbrite” (Fig. 2; Belkin et al., 2016) and
dated between 205.6±1.5 and 184±15 ka (De Vivo et al., 2001). While
these ancient ignimbrites are thought to have been vented from the
Campanian Volcanic Zone (Rolandi et al., 2003), which roughly corre-
sponds to the Campanian Plain, in other recent studies they are tenta-
tively attributed to the CF or the Neapolitan Volcanic Area activity
(Monaco et al., 2022a; Fernandez et al., 2024). Such explosive volca-
nism has also been recognised as distal and ultra-distal tephra and
crypto-tephra in both marine and terrestrial tephrostratigraphic records
(e.g. Wulf et al., 2006, 2012; Giaccio et al., 2012, 2017b; Insinga et al.,
2014; Di Roberto et al., 2018; Petrosino et al., 2016, 2019; Monaco et al.,
2022b; Fernandez et al., 2024), further testifying to the occurrence of a
significant past explosive activity, whose near-vent/medial record is
fragmentary and source eruptions are still mostly unknown.

3.2. Ischia Island

Volcanism at Ischia Island covers a period of more than 150 ky (e.g.
de Vita et al., 2010; Sbrana et al., 2018) with the last eruption occurred
in 1302 CE (Arso eruption). Several pyroclastic units sourced from Ischia

extensively blanket also the nearby Procida Island and Monte di Procida
(Fig. 2) promontory (e.g., Rosi et al., 1988; Brown et al., 2008; Perrotta
et al., 2010). In the period 150–74 ka, volcanic activity occurred through
effusive eruptions, which produced lava flows and lava domes, and
explosive (Plinian) eruptions that produced several pyroclastic units
separated by paleosols (e.g., de Vita et al., 2010; Sbrana et al., 2018).
Paroxysmal explosive volcanism occurred in the 74–55 ka interval,
forming a succession of thick Plinian pumice fall deposits separated by
paleosols, known as Pignatiello Formation (Fig. 2), shortly followed by
the ~56–54 ka Monte Epomeo Green Tuff (MEGT, Fig. 2) caldera-
forming eruption, the largest eruptive event sourced from Ischia (e.g.,
Brown et al., 2008, 2014; Tomlinson et al., 2014; Sbrana et al., 2018).
The composite MEGT extracaldera sequence consists of a basal Plinian
pumice fall deposit overlain by an ignimbrite and a lithic breccia (Brown
et al., 2008). MEGT is also one of the main tephra markers in the
Mediterranean tephrostratigraphic record (e.g., Tomlinson et al., 2014,
2015; D’Antonio et al., 2021). After MEGT, high-energy explosive (Pli-
nian) and minor explosive to effusive activity occurred, separated by
periods of quiescence (Brown et al., 2008; Sbrana et al., 2018; Fig. 2).
About 46 eruptions occurred during the last 10 ka, generating lava flows
and domes, scoria cones, tuff rings and tuff cones and widespread sheets
of ash and pumice lapilli (de Vita et al., 2010). Medial/distal occur-
rences of at least two Ischia tephra (SMP1-a and SC2-a; Di Vito et al.,
2008) are reported on the Apennines. One of them (SC2-a) has been
tentatively correlated to a pyroclastic unit of the Pignatiello Formation
(Di Vito et al., 2008).

3.3. Procida Island

Procida Island resulted from the activity of four tuff rings (Vivara,
Pozzo Vecchio, Fiumicello and Solchiaro) and a tuff cone (Terra Mur-
ata), in the time span between >74 and ~ 24 ka, along with the accu-
mulation of exotic pyroclastic products (e.g., Rosi et al., 1988; De Astis
et al., 2004; Perrotta et al., 2010; Fig. 2) vented from Ischia and the
Ischia Channel (the strait between Ischia and Procida). All these volcanic
edifices, except Solchiaro, predate the CI eruption. Vivara, Pozzo Vec-
chio and Terra Murata are the oldest volcanic centres, dated at >74 ka,
being mantled by the fallout sequence attributed to the Pignatiello
Formation (originated from Ischia). Deposits of such vents are well
exposed only at Procida (Fig. 2). Fiumicello tuff ring (Fig. 2) is sand-
wiched between two pumice fall deposits belonging to the upper part of
the Pignatiello Formation (Fedele et al., 2006). Away from the vent,
Fiumicello products are easily traced up to Monte di Procida (Fig. 2)
where they are represented by well-stratified scoria lapilli and ash fall
deposits (Fedele et al., 2006; Perrotta et al., 2010). Based on the
geochemical signature, no occurrence of products sourced from Procida
has been recognised in the Campanian Plain and on the Apennine Chain
(Di Vito et al., 2008; Monaco et al., 2022b) although a tephra layer,
found in the Lago Grande di Monticchio, >100 km East of Procida, has
been attributed to the Fiumicello eruption by Wulf et al. (2006). Sol-
chiaro tuff ring, dated at ~24 ka (Morabito et al., 2014), represents the
last autochthonous activity at Procida.

4. Drilling site selection

The scientific drilling was performed in the Ponti Rossi area (Fig. 1),
to the north of Naples, in order to investigate the volcanic stratigraphy
preceding the CF caldera formation (>40 ka). The selection of the
drilling site (40.875892◦ Lat; 14.263611◦ Long; 50 m a.s.l.) was aimed
at retrieving a stratigraphic record spanning back in time beyond the
oldest rocks cropping out along the CF caldera boundary, dated between
~60 and ~80 ka (Pappalardo et al., 1999; Scarpati et al., 2013, 2015)
and, possibly, at recovering the proximal equivalents of the mid-distal
and distal MIS 5 tephra (~109–93 ka) that are reliably attributed to
the CF activity (Giaccio et al., 2017b; Monaco et al., 2022a; Fernandez
et al., 2024).
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The Ponti Rossi area is comprised between Capodichino hill to the
east and Capodimonte hill to the west (Fig. 1) and is located to the north
of the inferred CF caldera topographic/structural rim of Orsi et al.
(1996), just outside the supposed downthrown area in the city of Naples.
The rim is represented by a scarp formed due to the partial reactivation
of a regional fault system during the CI eruption (Orsi et al., 1996). On
the other hand, the selected site is well outside, about 5 km east, of the
CF caldera boundary proposed by Rosi and Sbrana (1987), Vitale and
Isaia (2014) and De Natale et al. (2016). In light of the different views
about the extent of the caldera, the drilling location was chosen because
it is external to any hypothesised caldera rim, topographic or structural
scarp and downthrown area (Fig. 1). From a stratigraphic point of view,
the surface geological record of the Ponti Rossi area, exposed in a
currently inhabited area once occupied by a large quarry, comprises a
pyroclastic succession from the CI deposits, whose base in not exposed,
to deposits younger than NYT (Orsi et al., 1996). In the same area, a
pyroclastic succession older than CI was investigated through a ~100-
m-deep borehole (S51 borehole) in which eleven pyroclastic units (PRa
to PRm), separated by well-developed paleosols, were recognised and
described by Pappalardo et al. (1999, 2002), who also provided a
geochemical and geochronological characterization. 40Ar/39Ar age de-
terminations on units underlying the CI in this borehole yielded an age
of 44.3±0.7 ka (±1σ). This age is indistinguishable, within the un-
certainties, from the age (45.6±0.7 ka; ±1σ) of the unit directly un-
derlying the CI at Trefola quarry (Pappalardo et al., 1999). In addition,
pre-CI deposits were intercepted in other boreholes drilled in the nearby
areas (Orsi et al., 1996; Bellucci et al., 2006; Perrotta et al., 2006). Ac-
cording to Orsi et al. (1996), the top of the pre-CI sequence varies in
elevation between 15 m b.s.l. and 50 m a.s.l. A similar range of altitude is
provided by Bellucci et al. (2006). Conversely, drillings in the inferred
collapsed area, immediately to the south of the caldera rim and well
inside the city of Naples, did not even penetrate the top of the CI at a
depth of hundreds of meters (e.g., Orsi et al., 1996; Alberico et al., 2005;
Petrosino et al., 2021). Finally, this area lies well inside the easterly
dispersal of the pyroclastic products sourced from both the continental
and insular parts of the CF volcanic district. Despite the different views

about the CF caldera and its actual boundaries, all authors agree about
the occurrence of thick pre-CI deposits at shallow depth in the area
encompassing the Ponti Rossi site, making it the most suitable for a
detailed investigation of the stratigraphic record preceding the CF
caldera formation in the Neapolitan Volcanic Area.

5. Materials and methods

5.1. Drilling procedure

The drilling procedure was carried out through technical and logis-
tical mud services (Fig. 3a). The drilling reached a maximum depth of
113.2 m below the ground level located at 50 m a.s.l. The borehole was
drilled using a continuous coring technique to retrieve a complete core
record over the whole borehole length. Core sections were 3 m-long and
10 cm in diameter throughout the drill hole. Casing tubes were neces-
sary starting from 39 m of depth downwards, due to the occurrence of
groundwater, in order to ensure the stability of the well. An overall re-
covery percentage of 98 % provides a detailed stratigraphic record,
preliminarily described in the field. In order to preserve their integrity,
cores were placed into 1-m-long and 10-cm-diameter PVC half pipes
(Fig. 3b), photographed (Fig. 3c), wrapped in a plastic film and then
accommodated in plastic boxes. Cores were stored, logged and sampled
at the Istituto Nazionale di Geofisica e Vulcanologia-Osservatorio
Vesuviano (INGV-OV).

5.2. Stratigraphic criteria and sampling

Stratigraphy in volcanic areas is defined by a superimposition of
deposits, resulting from a series of eruptions, usually separated by
paleosols, reworked volcaniclastic or non-volcanic deposits, and un-
conformities, reflecting periods of volcanic quiescence and/or volcano-
tectonic processes (e.g., Perrotta et al., 2010; Lucchi et al., 2010; Lucchi,
2013; Martí et al., 2018). By combining volcanic and stratigraphic
criteria for mapping in volcanic areas, Fisher and Schmincke (1984)
proposed “volcanic activity units” having different hierarchies, from a

Fig. 3. a) Drilling operations in the Ponti Rossi area (February 2022). In the background, the pyroclastic deposits of the Campanian Ignimbrite (CI) and Neapolitan
Yellow Tuff (NYT); b) and c) cored sediments preserved in PVC half pipes. (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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single phase of an eruption to an eruptive period including multiple
eruptions. For example, volcanic deposits emplaced during a single
eruption are usually referred to as “Eruption Unit”. Notwithstanding,
very closely spaced eruptions from a single, or multiple sources, would
not result in well-developed paleosols or any clearly recognizable
physical surface that would indicate a brief break in the volcanic ac-
tivity. In addition, the occurrence of simultaneous eruptions from
different vents several kilometers apart within caldera systems, although
infrequent, has been suggested in the recent history of CF (Pistolesi
et al., 2016). This would result in an alternation of different tephra
layers whose sources cannot be clearly distinguished through a strati-
graphic approach, making further analytical investigations necessary,
such as geochronological, geochemical and isotopic characterization of
the juvenile material, to discriminate the contribution of different
discrete eruptions from different vents. For these reasons, we avoid the
term “Eruptive Unit” when describing the cored succession, as it may
promote a misleading interpretation of the borehole stratigraphy in
terms of number of eruptions. We also avoid the term “Lithostrati-
graphic Unit”, as it is the basic unit for geological mapping and
cartography and refers to a mappable body of rocks having diagnostic
lithologic features (International Commission on Stratigraphy). Based
on these assumptions, the pyroclastic succession drilled at Ponti Rossi
has been described following a simple stratigraphic criterion of super-
position of deposits that does not imply the interpretation of the stra-
tigraphy in terms of number of eruptions or areal distribution. We
generically refer to a “Pyroclastic Unit” (PU) to indicate a pyroclastic
deposit or a sequence of deposits, regardless of the emplacement
mechanisms (fallout or pyroclastic current), thickness or structure,
sandwiched between paleosols/humified reworked deposits or sepa-
rated by sub-aerial erosional surfaces clearly indicating periods of vol-
canic quiescence. In this light, a PU can include deposits that, although
not separated by any type of physical discontinuity, could result from
multiple eruptions, close both in time and space, from different vents/
sources; in other words, in our stratigraphy, a PU does not necessarily
result from a single eruption. The presence of reworked volcaniclastic
deposits, without any evidence of humification/pedogenesis, is not
necessarily considered indicative of volcanic quiescence as it could also
represent syn-eruptive reworking events. The contribution of discrete
eruptions, as well as of different sources, will be discriminated through
an ongoing detailed geochemical characterization. Each PU has been
described based on its internal structure and textural characteristics as
well as the lithology of juvenile and lithic fragments. Seventy-seven
samples have been collected throughout the sequence to characterize
the deposits from a sedimentological (type of juvenile and lithic frag-
ments; Table 1) and mineralogical point of view (Table 2). Samples were
labelled with an alphanumeric code formed by the acronym of the
drilling site (PR) followed by the sampling-depth interval. Samples from
two PUs have been selected for 40Ar/39Ar age determination.

5.3. Sedimentological analyses

In the Sample Preparation Laboratory of the INGV-OV, samples were
oven-dried and mechanically sieved down to 4φ (0.063 mm), at 1φ in-
tervals (φ = log2d, where d is the diameter of particles in mm). Litho-
logical components were separated by hand-picking down to -1φ (2
mm), while the finer fraction was analysed by observation under a
binocular microscope. Clasts were separated into three main categories:
juveniles, lithics, and loose crystals. Crystals for geochronological
analysis were extracted from juvenile fragments and separated from the
size classes 1φ (0.5 mm) and 2φ (0.25 mm).

5.4. X-Ray Diffraction analyses

Following the sedimentological analyses, in order to obtain the
mineralogical compositions of the 0φ (1 mm) bulk fractions (including
loose crystals and lithic fragments) of selected samples, and to compare

them with those of the juvenile material on which the following
chemical and isotopic analyses will be carried out, X-ray powder
diffraction (XRD) analyses were performed at INGV-OV. The X’Pert
Powder diffractometer by Malvern-PANalytical was used. The diffrac-
tometer in the conventional Bragg-Brentano setup is equipped with a
high-speed PIXcel detector. Analyses were performed by using Ni-
filtered CuKα radiation, pyrolytic graphite crystal monochromator, at
40 kV and 40 mA in a 3–70◦2θ range with 0.02◦ steps at 8 s/step. Ob-
tained diffraction patterns were interpreted using the X’Pert HIGH Score
Plus computer program and JCPDS PDF-2 database. The semi-
quantitative determination of the mineralogical composition of the
investigated samples was carried out by using a X’pert HighScore Plus
software, version 4.9.

5.5. 40Ar/39Ar analyses

The separation of alkali feldspars (grain-size in the range of
0.50–0.25 mm) from samples PR45.8–45.9 (PU-29) and PR99.5–99.6
(PU-1) was achieved by standard separation techniques and handpick-
ing under a stereomicroscope at the INGV-OV. 40Ar/39Ar analyses were
performed at IGG-CNR (Pisa). The mineral separates were leached in an
ultrasonic bath at room temperature for a few minutes in diluted HF (7
%) and were then wrapped in aluminium foil and irradiated (PAV-91,
January 2023) for 3 h in the core of the TRIGA reactor at the University
of Pavia (Italy) along with the reference mineral Alder Creek sanidine
(ACs). A full replicate of sample PR99.5–99.6 was completed at a later
time through a second irradiation of the same duration (PAV-94, April
2024) and using the same reactor as above. Grains of alkali feldspar were
placed into 1.5-mm diameter holes, mostly individual grains but up to
three grains in some cases (Table S1 in Supplementary Material), loaded
into a vacuum chamber comprising a laser port consisting of a ZnSe
window fitted with a differentially pumped flange and baked for 12 h at
150 ◦C. Total fusion experiments were performed using a CO2 laser beam
(New Wave Research MIR10–30) defocused to a 0.8-mm spot. For
sample PR45.8–45.9, a single step-heating experiment was completed
on a larger grain, placed into a 3-mm diameter hole, using the same laser
system as above, defocused to a 2-mm spot. Steps were carried out at
increasing laser power until complete melting. Extracted gases were
purified in a low volume stainless steel inlet system for 4 min (including
30 s of lasering) using three SAES NP10 getters (one, water-cooled, held
at ~400 ◦C and two at room temperature). Ar isotope measurements
were performed simultaneously in static mode using an ARGUS VI
(Thermo Fisher Scientific) multicollector noble gas mass spectrometer.
36Ar was measured using a Compact Discrete Dynode (CDD) detector
and the remaining Ar isotopes (40Ar, 39Ar, 38Ar and 37Ar) using Faraday
detectors equipped with 1013 Ω resistors. Blanks were monitored
generally every two runs and were subtracted from succeeding sample
results (Table S1 in Supplementary Material). Uncertainty on the error-
weighted mean ages also includes the uncertainty in the fluence monitor
and is given at 2σ. Ages were calculated relative to an ACs age of 1.1848
Ma (Niespolo et al., 2017), using decay constants recalculated by Min
et al. (2000) and an atmospheric 40Ar/36Ar ratio of 298.56 ± 0.31 (Lee
et al., 2006). Ar isotope concentrations are reported in Supplementary
Material (Table S1) as relative abundances, corrected for blank, mass
discrimination, and radioactive decay. More details about mass spec-
trometer calibration and analysis can be found in Di Vincenzo et al.
(2021) and Di Vincenzo (2022).

6. Results

6.1. General stratigraphy of the Ponti Rossi borehole

The general stratigraphy of the Ponti Rossi borehole is fully
composed of pyroclastic deposits arranged in thirty-one PUs based on
the adopted stratigraphic criteria (Fig. 4). Details about the depth in-
terval, thickness, structural/textural characteristics, lithological
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Table 1
Stratigraphy of the Ponti Rossi borehole. The interval of depth, thickness, description, lithological features of the juvenile fragments and emplacement mechanisms are
reported for each Pyroclastic Unit (PU). For units formed by both pyroclastic current (PC) and fall (F) deposits, the main emplacement mechanism is reported first; (?)
uncertain attribution.

Label Interval of
depth below
the ground
(m)

Thickness
(m)

Description Lithology and textural features
of juvenile fragments

Depositional
mechanisms

Photo (g.l. = ground level; p = paleosol; ~
erosional surface)

0–2.50 2.5 Anthropogenic deposits

PU-31
(NYT)

2.50–25.15 22.65

Massive to faintly laminated,
light grey ash containing
abundant rounded, well
vesiculated, grey pumice lapilli.
It grades upward in a 50 cm
thick paleosol.

Light grey, slightly porphyric
pumice

PC

PU-30

25.15–26.70 1.55

Massive, coarse ash to medium
lapilli deposit. In grades upward
in a 0.08 m thick brown
paleosol.
Lithic clasts are very scarce and
composed of lava.

Dark grey to blackish,
moderately to well vesiculated,
sub-aphyric scoria

F (?)

26.70–26.90 0.20

Massive, yellowish, coarse to
fine ash with sub-angular to sub-
rounded lapilli dispersed. Lapilli
show a thin yellowish ash
coating.
Very rare obsidian.
Lithic clasts are subordinate and
composed of lava.

Well vesiculated, aphyric to
sub-aphyric, light grey pumice
Rare dark grey scoria

PC

26.90–27.70 0.80

Massive, dark grey, coarse to
fine ash with abundant lapilli
dispersed.
Lithic clasts are abundant and
composed of lava.

Light to dark grey, well
vesiculated, slightly porphyric
pumice

PC

27.70–28.70 1.0

Massive, grey to yellowish,
coarse ash with abundant sub-
rounded fine lapilli.
Lithic clasts are very scarce and
composed of lava.

Light grey, well vesiculated,
sub-aphyric pumice
Sporadic, micro-vesiculated,
darker juvenile

PC (?)

28.70–29.20 0.50

Massive, coarse ash deposit rich
in lithic fraction (62 wt%),
composed of lava fragments, and
a minor juvenile fraction made
up of sub-angular to sub-
rounded fine lapilli.

Light grey, slightly porphyric
pumice

Reworked (?)

29.20–29.80 0.60

Massive, grey, coarse to fine ash
with sub-angular to sub-rounded
lapilli dispersed.
Lithic clasts are very scarce and
composed of lava.

Light grey, moderately to well
vesiculated, slightly porphyric
pumice

PC

29.80–31.75 1.95

Grey to yellowish, fine to coarse
ash with fine lapilli dispersed.
The structure varies from
massive at the base to stratified
at the top. The stratification is
given by alternation of cm-thick
horizons of fine ash and ash with
sub-rounded lapilli dispersed.
The uppermost part is brownish.
Rare obsidian.
Lithic clasts are very scarce and
composed of lava

Light grey, micro-vesiculated,
aphyric pumice
Rare dark grey scoria

PC

31.75–31.90 0.15

Massive, clast-supported
horizon consisting of angular,
fine to medium lapilli
Lithic clasts are scarce and
composed of lava.

Light grey, highly vesiculated,
aphyric to slightly porphyric
pumice. Rare darker pumice.

F

31.90–32.20 0.30

Massive ash with a few fine
lapilli dispersed. It varies from
grey at the base to yellowish at
the top.

Light grey, aphyric to slightly
porphyric pumice PC

(continued on next page)
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Table 1 (continued )

Label Interval of
depth below
the ground
(m)

Thickness
(m)

Description Lithology and textural features
of juvenile fragments

Depositional
mechanisms

Photo (g.l. = ground level; p = paleosol; ~
erosional surface)

32.20–34.00 1.80

Faintly stratified, fine to coarse
ash with fine sub-rounded lapilli
dispersed.
Lithic clasts, made up of lava
fragments, are very scarce at the
top and increase toward the
base.

Light grey, highly vesiculated,
aphyric to slightly porphyric
pumice. Rare dark grey,
moderately vesiculated scoria.

PC

PU-29

34.0–36.05 2.05

Massive, grey, coarse to fine ash
with abundant, sub-rounded,
coarse to fine lapilli. It grades in
a 50 cm thick, brown paleosol
containing light grey pumice
fragments.
Lithic clasts are very scarce and
composed of mm-sized lava
fragments

Grey, well vesiculated to micro-
vesiculated, aphyric to slightly
porphyritic pumice with
microcrysts of feldspar and
subordinate pyroxene, black
mica and opaque oxide.
Sporadic, moderately to poorly
vesiculated, dark grey to
blackish scoria.

Loose crystals of feldspar,
pyroxene, black mica and
opaque oxide.
Rare olivine microcrysts occur
as loose crystals toward the base
of the unit.

PC

36.05–36.45 0.4 Reworked sandy layer colluvial

36.45–42.6 6.15

Stratified deposit. Decimetre to
metre thick, coarse to fine ash
layers, with abundant, sub-
rounded, fine to coarse lapilli
and rare obsidian clasts, and fine
ash layers with accretionary
lapilli.
Lithic clasts are scarce and
composed of lava fragments and
rare syenite.

PC

42.6–42.7 0.1 Reworked sandy layer colluvial

42.7–43.1 0.4

Massive, grey ash deposit with a
few, sub-rounded, coarse to fine
lapilli dispersed.
Lithic clasts are subordinate and
composed of lava fragments.

PC

43.1–43.15 0.05 Reworked sandy layer colluvial

43.15–43.9 0.75

Massive, grey ash deposit with a
few, sub-rounded, coarse to fine
lapilli dispersed and rare
obsidians.
Lithic clasts are scarce and
composed of lava fragments.

PC

43.9–44.25 0.35 Reworked sandy layer colluvial

44.25–44.5 0.25

Massive, grey, coarse to fine ash
with abundant, sub-rounded,
fine lapilli and rare obsidian
clasts.
Lithic are abundant and
composed of mm-sized lava
fragments and rare skarn

PC

44.5–44.7 m 0.2 Reworked sandy layer colluvial

44.7–44.75 0.05

Massive, lithic-rich, grey ash
deposit with a few fine lapilli
dispersed.
Lithics are predominantly
composed of lava, very minor
obsidian and rare skarn.

PC

44.75–44.9 0.15 Reworked sandy layer colluvial

44.9–50.25 5.35

Faintly stratified, grey ash, with
a variable amount of sub-
rounded, coarse to fine lapilli
dispersed and rare obsidian
clasts.
Lithic fragments are subordinate
and composed of lava and rare
syenite and skarn.

PC

(continued on next page)
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Table 1 (continued )

Label Interval of
depth below
the ground
(m)

Thickness
(m)

Description Lithology and textural features
of juvenile fragments

Depositional
mechanisms

Photo (g.l. = ground level; p = paleosol; ~
erosional surface)

PU-28 50.25–50.5 0.25

Thinly laminated, 10 cm thick,
fine to medium, dark grey ash
overlaid by a massive, light
grey-whitish, 5 cm thick, fine
ash with a few very fine, sub-
angular, lapilli dispersed. It
grades in a 10 cm thick, brown
paleosol.
Lithic clasts are abundant and
predominantly composed of lava
and rare skarn.

Base: grey, micro-vesiculated,
aphyric to sub-aphyric pumice.
Top: light grey, micro-
vesiculated, aphyric pumice.
Loose microcrysts of feldspar,
pyroxene, black mica. Rare
leucite at the base of the unit.

PC (?)

PU-27 50.5–50.8 0.3

Massive, yellow-ochre, 20 cm
thick, medium to fine ash, with
scattered fine, rounded, pumice
lapilli dispersed. It grades in a
10 cm thick, brown paleosol.
Lithic clasts are abundant and
completely composed of lava
fragments

Predominantly, light grey, well-
vesiculated, porphyritic pumice
with microphenocrysts of
pyroxene. Very subordinate
dark grey, micro-vesiculated,
aphyric pumice.
Loose microcrysts of feldspars,
pyroxene and black mica.

PC

PU-26 50.8–51.35 0.55

Massive, 25 cm thick, coarse ash
to very fine lapilli deposit with
rare obsidian clasts and
extremely rich in lithic
fragments (91 wt%). Lithic
clasts are composed of lava and
very rare syenite. Very minor
juvenile fragments mostly
composed of altered pumice
clasts. The upper 30 cm are
thinly laminated and humified.

Grey, micro-vesiculated,
aphyric, pumice.
Loose crystals of feldspar,
pyroxene, black mica, leucite
and opaque oxide.

Reworked
volcanoclastic

unit

PU-25 51.35–51.8 0.45

Massive, 15 cm thick, grain-
supported deposit composed of
angular, fine to medium lapilli.
It grades in a 30 cm thick
paleosol changing upward in
colour from dark brown to
ochre.
Lithic clasts are very
subordinate and composed of
lava fragments.

Light grey, micro-vesiculated,
porphyritic to sub-aphyric
pumice with phenocrysts of
feldspar and microcrysts of
pyroxene and black mica. Very
rare dark grey pumice.
High amount of loose feldspar,
pyroxene and black mica.

F

PU-24 51.8–52.1 0.3 Faintly stratified and humified
ash

PC (?)

PU-23 52.1–52.9 0.8

Massive, 20 cm thick, medium to
fine ash with a few fine, sub-
rounded lapilli dispersed. It
grades upward in a light brown-
greyish, 60 cm thick paleosol.
Lithic clasts are subordinate and
composed of lava and rare
syenite fragments.

Grey, micro-vesiculated,
slightly porphyritic pumice.
Very rare, dense scoria and
obsidian clasts.
Loose crystals of pyroxene,
feldspar and black mica.

PC

PU-22 52.9–53.05 0.15

Massive, 10 cm thick, yellowish
ash with a few sub-rounded, fine
lapilli dispersed. It grades
upward in a 5 cm thick, brown
paleosol.
Lithic clasts are scarce and
composed of lava fragments

Dark grey, micro-vesiculated,
aphyric to slightly porphyritic
pumice with pyroxene
microcrysts.
Very rare light grey pumice.
Loose crystals of pyroxene,
feldspar and black mica.

PC

PU-21 53.05–53.18 0.13

Massive, 8 cm thick, coarse to
fine ash with a few fine, sub-
rounded, lapilli dispersed. It
grades in a 5 cm thick, light
brown paleosol.
Lithic clasts are subordinate and
composed of lava and rare
syenite fragments.

Dark grey, micro-vesiculated,
aphyric to slightly porphyritic
pumice with black mica
phenocrysts.
Light grey, micro-vesiculated,
slightly porphyritic pumice are
subordinate.
Loose crystals of pyroxene
feldspar, black mica, leucite and
opaque oxide.

PC (?)

PU-20 53.18–53.68 0.5

Massive, 18 cm thick, yellowish
ash with abundant, rounded,
fine to medium lapilli dispersed.
It grades in a 32 cm thick brown
paleosol.
Lithic fragments are scarce and

Light grey, aphyric to sub-
aphyric, well vesiculated
pumice with circular vesicles
and phenocrysts of feldspar,
black mica and pyroxene.
Loose crystals of feldspar and

PC

(continued on next page)
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Table 1 (continued )

Label Interval of
depth below
the ground
(m)

Thickness
(m)

Description Lithology and textural features
of juvenile fragments

Depositional
mechanisms

Photo (g.l. = ground level; p = paleosol; ~
erosional surface)

mainly composed of lava and
very rare syenite and skarn.

subordinate pyroxene, black
mica and opaque oxide.

PU-19 53.68–58.0 4.32

Stratified unit made up of
decimetre- to metre-thick layers.
Alternating of thick, matrix-
supported, grey, coarse to fine
ash layers with abundant,
rounded to sub-rounded, fine to
coarse lapilli, and thinner grain-
supported layers of angular,
medium to coarse lapilli. The
deposit became darker upward
and grades in a 20 cm thick,
light brown paleosol.
Very rare obsidian.
Lithic clasts are abundant
throughout the sequence and
predominantly composed of lava
and very rare syenite and skarn.

Predominantly, light grey,
slightly porphyritic, well-
vesiculated pumice with
phenocrysts of pyroxene,
feldspar and black mica. Vesicle
shape ranges from circular to
tubular. Coarse pumice clasts
bear mm-sized lava fragments,
and some pumice clasts show an
orange patina.
Dark grey, slightly porphyritic,
micro-vesiculated pumice are
very subordinate.

Loose crystals of pyroxene and
subordinate feldspar, black
mica, leucite and opaque oxide.

PC/F

PU-18 58.0–59.2 1.2

Massive to faintly laminated, 10
cm thick, yellow-ochre, fine ash
covered by a 90 cm thick, grey
deposit composed of angular to
sub-angular, fine to coarse
lapilli. It grades upward in a 20
cm thick, brown paleosol.
Lithic fragments are subordinate
and mainly composed of
porphyritic leucite-bearing lava
and very rare syenite.

Grey, well vesiculated, slightly
porphyritic pumice with
phenocrysts of feldspar and
subordinate black mica and
pyroxene. Some pumice clasts
show a silky texture.
Dark grey to blackish, denser,
micro-vesiculated pumice are
subordinate.

Loose crystals of pyroxene and
subordinate feldspar, black
mica, leucite and opaque oxide.

F/PC

PU-17 59.2–59.5 0.3

Massive, 20 cm thick, grey,
coarse to fine ash deposit. It
became slightly darker upward.
Fine, sub-rounded lapilli are
dispersed. It grades upward in
10 cm thick brownish paleosol.
Lithic clasts are scarce and
composed of lava fragments.

Grey, vesiculated to micro-
vesiculated, aphyric to sub-
aphyric pumice with rare
microcrysts of pyroxene and
black mica. Some pumice clasts
show a silky texture.
Rare, dark grey, micro-
vesiculated pumice.

Loose crystals of pyroxene,
feldspar, black mica, leucite and
opaque oxide.

PC

PU-16 59.5–60.15 0.65

Massive, 15 cm thick, brownish
to ochraceous, coarse to fine ash
deposit with sub-rounded, fine
lapilli. It grades upward in a 50
cm thick, greyish to brownish
paleosol.
Lithic clasts are subordinate and
composed of lava and rare
syenite fragments.

Grey, micro-vesiculated,
slightly porphyritic pumice with
pyroxene and feldspar
phenocrysts.
Rare, denser, dark scoria.
Loose microcrysts of pyroxene,
feldspar, black mica, leucite and
opaque oxide.

PC

PU-15 60.15–60.35 0.2

Massive, 15 cm thick, brownish,
coarse to fine ash with sub-
rounded, fine to medium lapilli
dispersed. It grades upward in a
5 cm thick light brown paleosol.
Lithic clasts are subordinate and
composed of leucite-bearing
lava and rare syenite fragments.

Grey, micro-vesiculated,
slightly porphyritic pumice with
pyroxene, analcime/leucite and
feldspar phenocrysts. Coarser
clasts bear sub-mm-sized lava
fragments.
Loose microcrysts of pyroxene,
feldspar, black mica, analcime/
leucite and opaque oxide.

PC

PU-14 60.35–60.75 0.4

Massive, 20 cm thick, grey to
yellowish ash with rounded fine
lapilli dispersed. It grades
upward in 20 cm thick, light
brown to greyish paleosol.
Lithic clasts are subordinate and
composed of leucite-bearing
lava and very rare syenite.

Grey, micro-vesiculated,
slightly porphyritic pumice with
feldspar, black mica, analcime/
leucite and pyroxene
phenocrysts.
Rare, denser, dark grey scoria.
Loose crystals of feldspar,
pyroxene, black mica and
analcime/leucite.

PC

PU-13 60.75–61.1 0.35 Massive, 10 cm thick, grey,
coarse to fine ash deposit with

Light grey, vesiculated, slightly
porphyritic pumice with

PC

(continued on next page)
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Table 1 (continued )

Label Interval of
depth below
the ground
(m)

Thickness
(m)

Description Lithology and textural features
of juvenile fragments

Depositional
mechanisms

Photo (g.l. = ground level; p = paleosol; ~
erosional surface)

sub-rounded fine to medium
lapilli dispersed. It grades
upward in a 25 cm thick, brown
paleosol.
Lithic clasts are abundant and
composed mainly of aphyric to
porphyritic leucite-bearing lava
and rare skarn and syenite
fragments.

pyroxene, black mica, leucite
and feldspar phenocrysts. Some
pumice clasts show a silky
texture.
Dark grey, micro-vesiculated,
slightly porphyritic scoria clasts
are very subordinate.
Loose crystals of pyroxene,
black mica, feldspar and
subordinate olivine, leucite and
opaque oxide.

PU-12 61.1–61.7 0.6

Massive to faintly laminated, 50
cm thick, yellow-ochre fine ash
deposits with sporadic
accretionary lapilli and a few
very fine lapilli. It grades
upward in a 10 cm thick,
brownish to greyish paleosol.
Lithic clasts are abundant and
composed of lava fragments.

Grey, micro-vesiculated,
slightly porphyritic pumice with
pyroxene, black mica and
feldspar phenocrysts.
Loose crystals of pyroxene,
black mica, feldspar and rare
opaque oxide and analcime/
leucite.

PC

61.7–62.0 0.3 Light brown paleosol

62.0–62.3 0.3
Material lost during drilling
operations

PU-11 62.3–64.5 2.2

Stratified unit made up of
decimetre- to metre-thick layers.
Alternating of thick, grain-
supported layers consisting of
angular, coarse lapilli and much
thinner matrix-supported, grey,
fine ash layers with abundant,
rounded to sub-rounded, fine to
coarse lapilli. Single layers are
massive with no internal
stratification. Matrix-supported
layers occur toward the base of
the unit. The top was truncated
during drilling operations and
part of the material was lost.
Very rare obsidian.
Lithic clasts are abundant,
increasing toward the base, and
composed of fresh and
hydrothermalized lava
fragments, skarn and syenite
clasts.

Light grey, highly vesiculated,
slightly porphyritic pumice with
feldspar and subordinate
pyroxene and black mica
microcrysts. Circular to
stretched vesicles.
Darker and slightly denser,
slightly porphyritic pumice
clasts are subordinate.
Loose crystals of pyroxene,
black mica and feldspar.

F/PC

PU-10 64.5–65.6 1.1

Massive to faintly stratified, 85
cm thick, grain-supported
deposit composed of angular,
coarse to medium lapilli covered
by a 20 cm thick, grey to
yellowish ash with abundant
sub-rounded lapilli dispersed. It
grades upward in a 5 cm thick
paleosol.
Lithic clasts are subordinate and
composed of fresh and
hydrothermalized lava and rare
syenite fragments.

Light grey, highly vesiculated,
slightly porphyritic pumice with
crystals of feldspar, pyroxene
and black mica. Vesicle shape is
mainly circular and sub-mm in
size.
Sporadic, denser and darker and
micro-vesiculated pumice.
Loose crystals of pyroxene,
black mica, feldspar and opaque
oxide.

F/PC

PU-9 65.6–66.5 0.9

Massive, 55 cm thick, grey to
yellowish, lithic-rich, coarse to
fine ash deposit with rounded,
fine lapilli dispersed. It became
finer grained and faintly
laminated upward. It is covered
by a 35 cm thick, reworked and
humified sandy deposit.
Lithic fraction is composed of
lava fragments and rare skarn
and syenite clasts

Grey, micro-vesiculated,
aphyric to sub-aphyric pumice
with pyroxene microcrysts.
Loose crystals of pyroxene,
feldspar and black mica.

PC

PU-8 66.5–67.25 0.75

Massive, 25 cm thick, coarse ash
to fine lapilli deposit with scarce
matrix and extremely rich in
lithic fragments (95 wt%)

Grey, micro-vesiculated,
porphyritic pumice with
feldspar phenocrysts.
Dark grey, denser scoria clasts

Reworked
volcanoclastic

unit

(continued on next page)
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Table 1 (continued )

Label Interval of
depth below
the ground
(m)

Thickness
(m)

Description Lithology and textural features
of juvenile fragments

Depositional
mechanisms

Photo (g.l. = ground level; p = paleosol; ~
erosional surface)

composed predominantly of lava
and very rare syenite and skarn.
The juvenile fraction is very low
and composed of altered pumice
and scoria clasts. It grades
upward in a 50 cm thick
paleosol.

with pyroxene and black mica
phenocrysts.

Loose crystals of pyroxene,
feldspar, black mica and rare
leucite.

PU-7 67.25–69 1.75

Four superimposed stratigraphic
units, from the base upward:
60 cm thick, matrix-poor to
grain-supported deposit
composed of angular to sub-
angular, fine to coarse pumice
lapilli.
50 cm thick, laminated fine ash
with accretionary lapilli.
55 cm thick deposit having the
same characteristics of the base.
10 cm thick, massive, grey ash
with sub-rounded fine lapilli
dispersed. The top is humified.
Lithic clasts are abundant in
both ash and lapilli layers and
composed of lava fragments and
skarn.

Light to dark grey, micro-
vesiculated, aphyric to slightly
porphyritic pumice with
feldspar crystals. Some pumice
clasts show a silky texture.
Dark grey to blackish, dense,
sub-aphyric scoria.

Loose crystals of feldspar and
subordinate pyroxene, leucite
and black mica.

F/PC

PU-6 69.0–70.35 1.35

Massive, 60 cm thick, grain-
supported deposit composed of
angular, coarse lapilli overlaid
by a matrix-supported, grey to
yellowish ash deposit, 75 cm
thick, with abundant, sub-
rounded, fine to coarse lapilli. At
the top an erosional surface.
Lithic clasts are scarce and
composed of lava fragments

Light grey, highly vesiculated,
slightly porphyritic pumice with
feldspar and pyroxene
phenocrysts. Some pumice
clasts have an orange superficial
patina.
Dark grey, dense, porphyritic
scoria, with feldspar
phenocrysts, are rare.
Loose crystals of pyroxene,
feldspar, black mica and opaque
oxide.

PC/F

70.35–70.5 0.15 Dark brown paleosol

70.5–72.6 2.1
Material lost during drilling
operations

PU-5 72.6–73.95 1.35

Massive, 25 cm thick, light grey
fine ash, with a few fine lapilli
dispersed, covered by a 110 cm
thick deposit composed of sub-
angular, medium to fine lapilli
with a very scarce, coarse ash
matrix. The top was truncated
during drilling operations and
part of the material was lost.
Lithic clasts are abundant and
composed of lava fragments.

Light grey, well vesiculated,
aphyric to sub-aphyric pumice
with pyroxene microcrysts.
Dense, aphyric to sub-aphyric
scoria are rare.
Loose crystals of pyroxene and
feldspar.

F/PC

PU-4 73.95–74.25 0.3

Massive, 15 cm thick deposit
made up of angular, medium to
fine lapilli with a very scarce ash
matrix. It grades upward in a 15
cm thick paleosol.
Lithic clasts are scarce and
composed of lava fragments.

Light grey, well-vesiculated,
aphyric to sub-aphyric pumice
with sporadic feldspar
microcrysts.
Loose crystals of pyroxene,
feldspar, black mica and opaque
oxide.

F

PU-3 74.25–74.7 0.45

Massive, 20 cm thick, grain-
supported deposit composed of
coarse ash to angular fine lapilli.
It grades upward in a 25 cm
thick paleosol.
Lithic clasts are abundant and
composed of lava fragments and
a few syenite clasts.

Light grey, well-vesiculated,
slightly porphyritic pumice with
pyroxene and black mica
microcrysts.
Rare, denser, slightly
porphyritic scoria clasts.

Loose crystals of pyroxene,
feldspar, black mica and opaque
oxide.

F

(continued on next page)
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features of the juvenile/lithic fragments and emplacement mechanisms
of each PU are reported in Table 1. PUs are labelled progressively with
an alphanumeric code from the deepest and oldest (PU-1) to the shal-
lowest and youngest one (PU-31). The thickness of the PUs ranges from
22.65 m (PU-31) to 13 cm (PU-21). The PUs are always separated by
paleosols or humified reworked materials, except for PU-6 and PU-7
which appear to be separated by an erosional surface (Fig. 5a). PU-29

features six centimetre- to decimetre-thick, lithic-rich, reworked sandy
layers (Table 1) with no evidence of pedogenesis/humification so, ac-
cording to our stratigraphic criteria, they are not considered as bounding
surfaces of different units. Paleosols are sandy to silty, between 5 and 90
cm thick, and characterized by different degrees of maturity. They vary
from very mature and dark brown in colour to less mature and light
brown in colour. Some paleosols grade from dark brown at the top to

Table 1 (continued )

Label Interval of
depth below
the ground
(m)

Thickness
(m)

Description Lithology and textural features
of juvenile fragments

Depositional
mechanisms

Photo (g.l. = ground level; p = paleosol; ~
erosional surface)

PU-2 74.7–96.2 m 21.5

Stratified unit. Alternating of
meter-thick ash layers
containing abundant rounded,
light to dark grey, fine to coarse
lapilli and fine ash layers rich in
accretionary lapilli. Single
layers are massive with no
internal stratification. The
deposit became darker upward
and grades in a 30 cm thick
paleosol. At c. 75.7 m of depth, a
10 cm thick, matrix-poor, lithic-
and scoria-rich reworked
horizon occurs.
Rare obsidian.
Lithic fragments are subordinate
and composed of lava.
Two lava fragments, at c. 87 m
of depth, 6.5 cm in diameter,
possibly emplaced as ballistics,
have been found.

Light to dark grey, well-
vesiculated, slightly porphyritic
pumice with feldspar and black
mica phenocrysts.

Loose crystals of feldspar, black
mica and pyroxene.

PC

PU-1 96.2–113.2 >17.0

Base not reached. At the base, a
13.55 m thick, roughly
stratified, matrix-poor deposit
composed of coarse scoriaceous
ash with abundant, sub-rounded
to sub-angular, coarse to fine
scoria lapilli covered by a 2.05
m thick, massive, matrix-poor
deposit, composed of coarse ash
with abundant coarse to fine,
sub-rounded, pumice lapilli. It is
capped by a 20 cm thick, faintly
laminated, grey to yellowish ash
deposit with accretionary lapilli.
It grades upward in a 90 cm
thick, brown paleosol in turn
covered by a 30 cm thick,
reworked and humified sandy
deposits.
Rare obsidian.
The amount of lithic clasts is
variable being abundant at the
base and top of the sequence and
scarce in the middle part. Lithic
clasts are predominantly
composed of fresh and
hydrotermally altered lava,
sporadic skarn and mm-sized
hydrotermally altered tuffs.
Toward the base of the unit,
sporadic fragments of
sedimentary nature (siltite) have
been found.
Free crystals are abundant
throughout the unit, particularly
toward the base of the
scoriaceous part.

Blackish, moderately
vesiculated, porphyritic scoria
with feldspar phenocrysts.
Grey, well vesiculated to micro-
vesiculated, slightly porphyritic
pumice with pyroxene and
black mica microcrysts.
Loose crystals of feldspar and
subordinate pyroxene, black
mica and opaque oxide.

PC
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light brown-yellowish at the base and often contain juvenile fragments.
Pyroclastic deposits vary from grain-supported beds of angular, coarse
to fine lapilli to matrix-supported coarse to fine ash deposits, locally rich
in accretionary lapilli, with a variable amount of rounded to sub-
rounded lapilli dispersed into the matrix. Matrix-supported ash de-
posits vary from massive to faintly stratified/laminated due to internal
grain size variation. From a lithological point of view, the juvenile
fraction is characterized by the coexistence, in some units, of different
juvenile types differentiated on the basis of vesicularity degree, vesicle
size and colour (Fig. 6). Juvenile fragments are composed of both light to
dark grey pumice and blackish, denser scoria. Their texture varies from
highly vesiculated, with circular to stretched vesicles, to micro-
vesiculated to silky. Moreover, the juvenile fragments are both aphyric
to slightly porphyritic with feldspar, pyroxene, biotite and, in a few
cases, leucite (Fig. 6). Obsidian has been also recognised in some units
(Fig. 6). Lithic clasts are predominantly composed of fresh and hydro-
thermally altered lava and very minor skarn, syenite and altered tuff
fragments. Fragments of sedimentary rocks (siltite) were only found at
the base of the lowermost cored unit (PU-1). Peculiar leucite-bearing
lava and scoria fragments characterize some units. The different types
of lithic fragments of primary and reworked volcaniclastic deposits are
shown in Fig. 6. Pyroclastic deposits, irrespective of the emplacement
mechanisms, show great variability in lithology and abundance of both
juvenile and lithic fragments (Fig. 7).

The sequence, from the base (113.2 m below the ground level)

upwards, is briefly described below focusing on relevant units. For the
sake of simplicity, the cored succession can be subdivided into three
parts (basal, middle, and upper; Fig. 4) that include PUs having similar
thickness and/or lithological/structural characteristics.

6.1.1. Basal part
This part of the sequence (Fig. 4) is formed by the lowermost two

units (PU-1 and PU-2) that total a thickness of 38.5 m (from 113.2 to
74.7 m) representing 34 % of the borehole length.

PU-1 is the lowermost cored unit whose base was not crossed. It has a
minimum thickness of 17 m (113.2 to 96.2 m of depth). It can be divided
into three layers based on different lithological/grain-size features and is
the only unit, throughout the sequence, in which most of the thickness is
characterized by scoriaceous clasts. The basal 13.55 m are faintly
stratified due to grain-size variations and composed of coarse scoria-
ceous ash containing abundant, fine to coarse, sub-angular to sub-
rounded scoria lapilli. Lithic clasts are abundant at the base (up to 82
wt%) and strongly diminish toward the top (5 wt%). They are pre-
dominantly composed of fresh and hydrothermally altered lava frag-
ments. Sporadic lithic fragments of sedimentary nature (siltite, Fig. 6)
and hydrothermally altered tuffs have been found. This scoriaceous part
is covered by a 2.05-m-thick deposit composed of a massive, light grey,
coarse to fine ash containing fine to coarse, sub-rounded, light grey
pumice lapilli. Lithic fragments, predominantly composed of fresh and
hydrothermally altered lava, increase upward passing from 10 to 57 wt

Table 2
Semiquantitative X-Ray Diffraction analysis of the selected samples. All concentrations are in wt%.

Sample Feldspar Biotite Analcime Leucite Olivine Pyroxene Quartz

PR22.55–22.60 78.3 7.0 14.7
PR26.75–26.80 81.0 1.6 2.4 15.0
PR27.6–27.65 89.9 0.8 0.2 9.1
PR28.0–28.1 74.2 8.7 17.1
PR28.9–29.0 78.0 2.0 8.0 12.0
PR29.50–29.55 94.8 2.6 2.6
PR33.2–33.3 81.2 15.1 3.7
PR35.5–35.6 68.5 28.7 2.8
PR43.5–43.6 51.5 38.5 10.0
PR49.5–49.6 85.3 5.6 9.1
PR50.35–50.40 76.1 3.2 1.0 19.7
PR50.45–50.5 52.3 47.7
PR50.6–50.7 71.1 27.5 1.4
PR51.2–51.3 66.2 1.0 1.7 31.1
PR51.70–51.75 68.8 29.5 1.7
PR52.85–52.90 92.2 2.4 5.4
PR52.95–53.0 84.1 3.8 4.5 7.6
PR53.10–53.15 75.6 3.5 4.3 16.6
PR53.55–53.65 47.5 30.4 22.1
PR56.8–56.9 73.4 0.7 21.3 4.6
PR58.9–59.0 65.4 3.1 19.7 11.8
PR59.35–59.40 72.6 1.6 12.1 13.7
PR59.45–59.50 85.4 0.6 6.8 7.2
PR60.05–60.15 77.8 5.8 9.1 7.3
PR60.25–60.35 74.0 10.9 10.1 5.0
PR60.6–60.7 78.3 3.9 5.7 12.1
PR61.0–61.1 69.2 12.2 6.2 12.4
PR61.5–61.6 75.8 14.1 5.9 4.2
PR64.15–64.25 89.2 0.8 4.3 5.7
PR65.2–65.3 86.9 0.7 6.5 2.0 3.9
PR66.3–66.4 72.8 2.3 7.2 1.2 16.5
PR67.1–67.2 83.1 1.6 7.5 7.8
PR67.25–67.35 84.8 3.0 6.1 6.1
PR68.7–68.8 72.7 5.5 1.0 20.8
PR70.15–70.25 89.8 3.5 6.7
PR73.5–73.6 84.1 11.4 4.5
PR74.1–74.2 85.8 6.0 8.2
PR74.5–74.6 78.7 9.4 11.9
PR75.1–75.2 70.5 17.1 12.4
PR95.9–96.0 86.1 1.3 12.6
PR97.4–97.5 77.6 9.7 12.7 7.9
PR98.20–98.45 96.6 2.0 1.4
PR112.9–113.0 95.4 1.7 2.9
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%. It is capped by a faintly laminated, grey to yellowish, 20 cm thick,
fine ash deposit with accretionary lapilli. It grades in a 90-cm-thick,
brown paleosol in turn covered by a 30-cm-thick, reworked and humi-
fied sandy deposits.

PU-2 is 21.5 m thick (96.2 to 74.7 m of depth) and is the second
thickest unit of the whole succession. This unit shows constant structural
and lithologic features throughout its thickness. It is a roughly stratified
deposit consisting of an alternating of ash layers containing abundant
rounded, light to dark grey, fine to coarse pumice lapilli and finer ash
layers rich in accretionary lapilli. Lithic abundance, almost completely
composed of lava fragments, is very low at the top (<1 wt%) and slightly

increases downward (up to 14 wt%). Few scoriaceous clasts are
dispersed. Two outsized lithic lava fragments, up to 6.5 cm in diameter
(Fig. 5b), likely emplaced as ballistic clasts, have been found at ~87 m of
depth testifying to the relative closeness of the vent. At 75.7 m of depth,
a <10 cm thick, lithic- and scoria-rich, matrix-poor, reworked horizon
occurs.

6.1.2. Middle part
It comprises the interval between PU-3 and PU-28, from 74.7 to

50.25 m depth, and is the stratigraphically most complex portion being
composed of 26 units totalling 24.45 m (21.6 % of the borehole length).

Fig. 4. Schematic log of the Ponti Rossi borehole arranged in three parts (lower, middle and upper) and thirty-one Pyroclastic Units (PU). A magnification of the
middle part of the succession, due to the high number of very thin PUs, is reported to the right. Samples collected in each unit are also reported. The samples selected
for 40Ar/39Ar analyses are highlighted in red (the age is reported in brackets). The depositional mechanism is reported for each unit: F = fall, PC = pyroclastic
current. For units formed by both fall and pyroclastic current deposits, the main depositional mechanism is reported first. (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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Three units (PU-3, PU-4 and PU-25) are centimetre- to a few decimetres-
thick, massive, grain-supported deposits composed of fine pumice lapilli
and subordinate lithic clasts. Lithic lava fragments are quite abundant in
PU-3 (37 wt%) and scarce in PU-4 and PU-25 (~5 wt%). Seven units

(PU-5, PU-6, PU-7, PU-10, PU-11, PU-18 and PU-19) consist of meter-
thick, layered deposits made up of massive to roughly stratified layers
of grain-supported, medium to coarse pumice lapilli and massive,
matrix-supported layers with abundant rounded to sub-rounded, coarse
to fine pumice lapilli and a variable amount of lithic fragments. Fourteen
units (PU-9, PU-12 to PU-17, PU-20 to PU-24, PU-27, PU-28) are formed

Fig. 5. a) Undulated sub-aerial erosional surface (highlighted by the white
dashed rectangle) between PU-6 and PU-7; b) outsized lithic lava fragments in
PU-2.

Fig. 6. Photos taken under a stereomicroscope showing the main lithological features of the cored sediments: a) coexistence of light to dark grey pumice and scoria
juvenile, lithic fragments (lava, skarn and syenite) and a loose crystal of green pyroxene in sample PR68.7–68.8; pumice fragments show a variable degree of
vesicularity and are either porphyritic or aphyric; b) leucite-bearing lithic lava fragments and juvenile clasts with leucite crystals in sample PR55.0–55.1; c) different
types of lithic clasts (fresh and hydrothermally altered lava, sienite and skarn) including those of sedimentary nature (siltite) in sample PR112.9–113.0; d) lithic-rich
colluvial sand (sample PR44.6–44.7) from PU-29 characterized by lithologically heterogeneous lithic clasts (fresh and altered lava, syenite and skarn), rounded
juvenile fragments, obsidians and loose crystals of feldspar. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 7. Pie diagrams for componentry abundances of selected samples: a) pri-
mary pyroclastic deposits (both fallout and pyroclastic current) show a great
variability in lithology and abundance of both lithic and juvenile fragments
while b) reworked volcaniclastic deposits, including colluvial sands
(PR44.6–44.7) in PU-29, are always extremely rich in lithic lava fragments and
depleted in juvenile material.

D. Sparice et al. Journal of Volcanology and Geothermal Research 455 (2024) 108209 

17 



by centimetre- to decimetre-thick deposits consisting of massive to
faintly laminated, grey to yellowish, fine to coarse ash with fine,
rounded to sub-rounded pumice lapilli and subordinate lithic fragments.
Fine-grained ash layers are locally rich in accretionary lapilli. PU-8 and
PU-26 are massive, matrix-poor, volcaniclastic deposits extremely rich
in mm-sized lithic fragments (>90 wt%), predominantly made up of lava
(Fig. 7). The minor juvenile fraction is composed of altered and rounded
pumice and scoria clasts (Fig. 6). It is worth noting that PU-13, PU-14,
PU-15 and PU-18 are characterized by the presence of sub-mm-sized
leucite-bearing lithic lava fragments (Fig. 6).

6.1.3. Upper part
The shallow interval of the sequence includes three PUs (PU-29 to

PU-31) that total a thickness of 47.75 m plus 2.5 m (50.25 m to ground
level) of anthropogenic deposits on top (44.4 % of the whole borehole
length).

PU-29 is a 16.25-m-thick (from 50.25 to 34.0 m of depth) sequence
formed by primary pyroclastic deposits intercalated by six, centimetre-
to decimetre-thick, reworked, lithic-rich (Fig. 7), sandy layers. The
presence of reworked (colluvial) sandy layers defines 7 sub-units in the
PU-29 composed of massive to faintly stratified, matrix-supported, fine
to coarse ash deposits with sub-rounded, grey pumice lapilli and fine ash
layers with accretionary lapilli. The uppermost sub-unit grades upward
in a 0.5-m-thick, brown paleosol containing grey pumice fragments.

PU-30 is 8.85 m thick (from 34.0 to 25.15 m) and can be subdivided
into ten sub-units, ranging in thickness from 0.15 to 1.95 m, with no
physical discontinuities between them apart from structural and litho-
logical differences. Seven sub-units consist of grey to yellowish, fine to
coarse ash with a variable amount of pumice lapilli. Three sub-units
consist of clast-supported to matrix-poor coarse ash to (pumice or
scoria) lapilli deposits. The uppermost sub-unit grades upward in a 0.08-
m-thick brown paleosol underlying the topmost PU-31.

PU-31 is the thickest unit, being 22.65 m thick (from 25.15 to 2.5 m),
and shows constant structural and lithological features throughout its
thickness. It consists of a massive to faintly laminated, light grey ash
containing abundant rounded slightly porphyritic, grey pumice lapilli,
grading to a 0.5 m thick brown paleosol. It represents the shallowest
cored volcanic sediments. This unit is capped by 2.5 m of anthropogenic
deposits.

6.2. XRD analyses

XRD analyses, performed on 43 selected samples (Table 2), show a
wide variability of crystallinity degree, amorphous content, and mineral

assemblage. The crystallinity degree (red line in Fig. 8) varies between
10 and 70 % and it has been obtained by normalized wt% based on the
amorphous bend size. Most samples present a high percentage of
amorphous phase, which may reflect the abundance of juvenile mate-
rial. Conversely, the mineralogical assemblages reflect the content of
loose crystals and of crystals contained in lithic and pumice fragments.
In terms of XRD analyses, the most crystalline samples are
PR27.60–27.65, PR33.30–33.40, PR35.50–35.60, PR43.50–43.60,
PR60.25–60.35, PR67.25–67.35 and PR97.40–97.50. Conversely, the
aphyric samples are PR22.55–22.60, PR28.00–28.10, PR60.60–60.70,
PR70.15–70.25, PR73.50–73.60 and PR74.10–74.20. The mineralogy of
the 0φ bulk fraction consists mainly of feldspars, pyroxene and biotite,
whilst leucite, analcime and olivine locally occur. Quartz is present in a
single sample (PR97.4–97.5) with 7.9 wt%. Feldspar dominates in the
mineralogical assemblage even reaching values up to 96.6 wt%. The
biotite content ranges from a minimum of 0.6 wt% to a maximum of
38.5 wt% (i.e., samples PR59.45–59.50 and PR43.50–43.60, respec-
tively), although its detection is strongly influenced by the crystal
orientation. Samples PR22.55–22.60 and PR29.50–29.55 are charac-
terized by feldspar, biotite and leucite whilst the sample PR50.45–50.50
is characterized by feldspar and pyroxene crystals. Leucite is present in
21 samples shallower than 68.8 m depth, whereas analcime seems to be
present only between 60.05 and 60.7 m.

Based on the sedimentological characterization of the Ponti Rossi
samples (Table 1), most of the samples are constituted of at least 85 % of
juvenile material. Therefore, the results of the XRD analyses in most of
the cases can be ascribed to the magmatic component. In the other cases
(PR50.35–50.40, PR50.45–50.50, PR56.80–56.90, PR58.90–59.00,
PR61.00–61.10, PR61.50–61.60, PR64.15–64.25, PR67.10–67.20,
PR67.25–67.35, PR74.50–74.60, PR98.20–98.45, PR112.90–113.00),
they must be related to lithic fragments and loose crystals, which could
be either ante/xenocrysts or phenocrysts and microlites.

6.3. 40Ar/39Ar data

Twenty-one out of twenty-four total fusion analyses (Table S1 in
Supplementary Material) of alkali feldspars from sample PR45.8–45.9
(Fig. 9a), collected from the lowermost sub-unit of PU-29, yielded ages
indistinguishable within analytical uncertainties (mean square of
weighted deviates, MSWD = 1.36), with a weighted mean age of 59.03
±0.50 ka (±2σ internal uncertainty). Two total fusion analyses gave
significantly older ages (Fig. 9a), with a mean of 65.3±2.0 ka and are
considered xenocrysts. A third discordant analysis gave a much younger
age (20±11 ka), but data are strongly contaminated by atmospheric Ar

Fig. 8. Mineralogical assemblages and distribution in the samples from Ponti Rossi drilling.
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and are considered unreliable. The step-heating run on the individual
millimetre-sized grain (Table S1) gave concordant ages for more than
95 % of the total 39ArK released, with a weighted mean age of 58.94
±0.83 ka, which is in close agreement with the mean age from total
fusion data and indicates that alkali feldspars contain negligible to no
excess Ar.

Twenty-eight total fusion analyses (Table S1 in Supplementary Ma-
terial) of the first irradiation of alkali feldspars from sample
PR99.50–99.60, collected from the deepest cored unit (PU-1), yielded
concordant ages (MSWD 1.18) for all the runs, with a weighted mean
age of 110.16±0.43 ka (±2σ internal uncertainty). This age is indistin-
guishable at 1σ level from that calculated from the twelve total fusion
analyses of the second irradiation (mean age of 109.67±0.69 ka, MSWD
0.55). Treating the forty total fusion analyses as single samples and
using the internal uncertainties on age (Fig. 9b) yields a pooled mean
age of 110.00±0.35 ka (±2σ, MSWD = 1.3).

7. Discussions

7.1. Interpretation of the stratigraphy of the Ponti Rossi borehole

The investigation of the Ponti Rossi borehole (Fig. 4) and the char-
acteristics of the cored sediments (Table 1) permit some preliminary
stratigraphic considerations of the past volcanic activity of the Neapol-
itan Volcanic Area. The cored sediments document not only the occur-
rence of coarse-grained, thick deposits representing the proximal record
of explosive eruptions that occurred in the CF area, but also thinner and
finer-grained sediments attributable either to minor explosive eruptions
of the continental CF or, alternatively, to medial/distal fall deposits that
originated from the insular sector of the CF volcanic district. The pres-
ence of paleosols separating the PUs throughout the succession suggests
that, over the last 110 ka, sub-aerial conditions persisted in this area, as
already reported by Orsi et al. (1996).

Based on the structural and lithological features, as well as on the
comparison with the deposits widely exposed in the surroundings, the

shallowest cored unit (PU-31) can be undoubtedly attributed to the ~15
ka NYT eruption (Orsi et al., 1992; Scarpati et al., 1993; Cole and
Scarpati, 1993; Wohletz et al., 1995), the second largest caldera-forming
event of CF, extensively cropping out in the Ponti Rossi area (Orsi et al.,
1996) and representing a clear chronostratigraphic marker.

The remaining units (PU-30 and PU-29) of the upper part of the
sequence, immediately underlying the NYT (PU-31), are instead not
easily relatable to specific eruptions or eruptive sources only based on
the stratigraphic characteristics. In the Ponti Rossi area, the surface
geological record consists of a stratigraphic succession including at least
nine pyroclastic units (PRn to PRv, Pappalardo et al., 1999) sandwiched
between the products of NYT and CI eruptions. This interval (15–40 ka)
consists of fall deposits, made up of fine to coarse pumice (and very
minor scoria) lapilli, and pyroclastic current deposits consisting of
massive to planar- to cross-laminated ash layers with scattered to
abundant pumice lapilli dispersed. Units range in thickness from a few
centimetres to <1 m and are separated by centimetre- to decimetre-thick
paleosols or humified layers (Orsi et al., 1996). The CI sequence, whose
base is not exposed in the Ponti Rossi area, is mainly composed of
lithified, yellow to greyish ash deposits with abundant coarse (up to
decimetres in diameter) scoria and pumice clasts and lithic fragments.
This deposit represents the zeolitized upper part of the thick welded to
sintered ignimbrite sequence found as far as 80 km from CF (e.g., Barberi
et al., 1978; Fisher et al., 1993; Scarpati et al., 2020; Silleni et al., 2020,
2024) and emplaced by the most widespread pyroclastic current
generated during the CI eruption. The CI sequence has also been rec-
ognised in the S51 borehole by Pappalardo et al. (1999, 2002). The
authors describe the CI deposits as consisting of four superimposed flow
units. Most of the thickness varies upward from a welded, dark grey ash
with abundant blackish juvenile clasts to a greyish/pinkish to yellowish
sintered ash containing grey pumice and black scoria and abundant
lithic lava and hornfelsed clasts. The PU-30 is composed of at least 10
sub-units whose boundaries are marked only by a lithological change
and/or structural variations. These characteristics, and above all the
lack of any paleosol or even incipient humification of the deposits, rule
out a direct correlation with the pyroclastic units, exposed in the Ponti
Rossi area, belonging to the 15–40 ka interval. Similarly, the PU-30
shows lithological and structural characteristics that significantly
differ from those of the CI deposits (both in exposure and cored in S51
borehole), preventing a certain stratigraphic correlation. The very
limited thickness, the fine-grained nature and the emplacement as a fall
deposit of some sub-units of PU-30 (Table 1) suggest the possible
contribution of eruptions sourced from the insular sector of the Campi
Flegrei district besides the continental area. The PU-29 is 16.25 m thick
and consists of at least 7 decimetre- to meter-thick sub-units, made up of
ash deposits with a variable amount of rounded to sub-rounded pumice
lapilli and minor fine ash layers with accretionary lapilli, separated by
thin, lithic-rich, colluvial sandy layers. The PU-29 is interpreted as
consisting entirely of pyroclastic current deposits emplaced during
discrete, magmatic to phreatomagmatic eruptive pulses, separated by
the deposition of colluvial sediments. The thin thickness of the colluvial
sandy layers and no signs of humification or pedogenesis suggest that
the emplacement of PU-29 possibly resulted from very closely spaced
eruptions or multiple phases of a single eruption, likely from a nearby
source as suggested by the thickness of the deposits. The stratigraphic
features of PU-29 and, above all, the radioisotopic age (59.03±0.50 ka)
of the lowermost sub-unit of PU-29 provides further evidence that pre-
cludes any possible correlation of the whole PU-29 with the CI or
younger deposits (~15–40 ka).

The possible absence of the CI deposits would not be surprising when
considering the geomorphological aspects of the drilling site. The Ponti
Rossi-Capodimonte area is characterized by steep profiles and is incised
by subsequent valleys, with a well-developed hydrographic network
(Ascione et al., 2021) cutting the pyroclastic sequence down to at least
the upper part of the CI sequence. The drilling operations were carried
out almost at the outlet of a valley incised along the eastern flank of the

Fig. 9. Cumulative probability and ranked distribution of 40Ar/39Ar ages of
alkali feldspars from selected samples: a) sample PR45.8–45.9 (lowermost sub-
unit of PU-29); b) sample 99.5–99.6 (PU-1). Mean age for sample PR99.5–99.6
refers to the pooled weighted mean calculated using data from two irradiations
performed at different times (irradiation PAV-91 and PAV-94, see Table S1).
Bars are 2σ analytical uncertainties for sample PR45.8–45.9 and 2σ internal
uncertainties for sample PR99.5–99.6.
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Capodimonte hill. The prolonged stream erosion, which possibly started
immediately after the CI eruption and continued during the CI–NYT
interval (40–15 ka), may have eroded the whole (or most of the)
thickness of the CI deposits and the Ponti Rossi sequence between CI and
NYT (units PRn to PRv, dated by Pappalardo et al., 1999 between 16.1
and 15.9 ka). This significant erosional phase coincides with the Last
Glacial Maximum characterized by sea lowstand during which the sea
level was approximately 120 m lower than present-day (Lambeck and
Chappell, 2001; Peltier, 2002). The deep erosion that occurred in the
40–15 ka interval is also confirmed by the remarkable thickness (a
minimum of 33 m) of the NYT deposits recovered through a pilot
drillhole we performed, in mid-January 2022, a few tens of meters
downslope of the main Ponti Rossi drillhole. The pyroclastic currents of
the NYT eruption were channelled in this valley and sedimented a thick
ash and lapilli deposit. On the other hand, two further hypotheses can be
considered as possible explanations: 1) the erosion exerted by the CI
pyroclastic currents themselves and/or 2) phases of syn-eruptive non-
deposition (bypass of the pyroclastic current). As previously reported,
in the exposures surrounding our drillhole, as well as in the nearby S51
borehole (Pappalardo et al., 2002), the CI deposits are the proximal
counterpart of the thick ignimbrite sequence found throughout the
Campanian region (e.g., Fisher et al., 1993; Scarpati et al., 2020; Silleni
et al., 2020, 2024) and emplaced by the most energetic pyroclastic
current. Scarpati and Perrotta (2012) demonstrated that this pyroclastic
current was responsible for a very deep erosion of the underlying fall
deposit, with a maximum in the available peri-caldera outcrops and
decreasing with the distance from the source. Accordingly, the contri-
bution of the extremely efficient erosive process exerted by the CI py-
roclastic current in the Ponti Rossi area caused the Plinian fall deposit
and, possibly, part of the thickness of the overlying pyroclastic current
deposits to be wiped out. Furthermore, the same pyroclastic current
produced a bypass zone (area where the pyroclastic current passes
without depositing) around the Campi Flegrei caldera, which resulted in
pyroclastic deposits much thinner and with a more chaotic Anisotropy of
Magnetic Susceptibility (AMS) fabric than their medial-distal counter-
parts (Ort et al., 1999, 2003; Scarpati et al., 2020). This reflects the
passage of a high-energy and turbulent pyroclastic current with phases
of non-deposition associated with strong erosion. However, we assume
that the bypass of the pyroclastic current and the syn-eruptive erosion
are the less relevant processes. Throughout the Ponti Rossi area, the CI
deposits crop out with minimum thicknesses up to 10 m (our borehole
was emplaced ~20 m from an exposure of the CI deposits whose base is
buried, Fig. 3a) and attain a total thickness of 30.1 m in the S51 borehole
(Pappalardo et al., 2002). This suggests that the CI deposits would lack
only along a narrow strip that coincides with the valley where the
drillhole was emplaced. Ultimately, even though all these parameters
are not mutually exclusive, the absence (or the presence of a very
reduced thickness) of the CI deposits can be mainly the result of the post-
depositional, prolonged stream erosion, possibly combined with the
minor contribution of the syn-eruptive erosion and the bypass of the
pyroclastic current. The geochemical characterization of the cored
sediments, whose results will be the subject of a future work, will
disclose whether a limited thickness of the CI deposits has been
preserved.

Regarding the middle part of the sequence, consisting of the 26 PUs,
based on structural and textural characteristics (Table 1), most of them
(14) are exclusively composed of pyroclastic current deposits while
seven PUs (PU-5, PU-6, PU-7, PU-10, PU-11, PU-18 and PU-19) consist
of both fall deposits and ash layers emplaced by pyroclastic currents.
Only three PUs (PU-3, PU-4 and PU-25) are thin, fine-grained and
consist entirely of fall deposits. Two PUs (PU8 and PU26) are interpreted
as reworked volcaniclastic units (Table 1) owing to the high lithic con-
tent and the lithological heterogeneity and alteration of the juvenile
fraction (Fig. 7). More in detail, PU-7 consists of two decimetre-thick fall
deposits interbedded with two pyroclastic current deposits. PU-11
consists mainly of decimetre-thick coarse pumice fall layers and minor

pyroclastic current deposits. PU-18 consists of a basal, thin pyroclastic
current deposit overlaid by a 0.9 m thick fall deposit. PU-19 is mainly
made up of pyroclastic current deposits punctuated by brief fall phases.
Due to the relative coarseness of the deposit and the substantial abun-
dance of lithic fragments, it is possible to hypothesise a proximal source.
PU-9, PU-12 to PU-17, PU-20 to PU-24, PU-27 and PU-28 are thin py-
roclastic current deposits. Apart from some sporadic findings in the
topmost samples, samples from PU-12 to PU-19 are featured by the
occurrence of leucite or analcime crystals, which could be derived from
leucite alteration (Table 1 and Table 2). The occurrence of leucite, both
in the juvenile and lithic components, is somewhat anomalous at CF and
Ischia whose products are silica saturated and, overall, leucite-free.
Samples from these PUs deserve particular attention in future in-
vestigations to determinate the reasons for this “anomaly” (vent loca-
tion, different feeding magmas, etc.).

Finally, about the lower interval, the second deepest and thickest
unit (PU-2; 21.5 m) of the sequence appears interesting not only for its
decametric thickness but also for the occurrence at ~87 m of depth of
outsized lithic fragments possibly emplaced as projectiles (Fig. 5b).
These characteristics are diagnostic of a proximal source. PU-2 is
completely formed by pyroclastic current deposits, related to both
magmatic and phreatomagmatic fragmentation, due to the occurrence
of ash deposits with abundant highly vesiculated pumice lapilli and
accretionary lapilli-rich layers. This unit could likely represent the flank
of a “tuff” cone. In fact, the structure and lithological features are similar
to those of the monogenetic tuff cones, older than CI, forming the hilly
morphology of the city of Naples and at Monte di Procida (Perrotta et al.,
2010; Scarpati et al., 2013, 2015; Santangelo et al., 2024). Alternatively,
PU-2 may represent the proximal deposit of an ignimbrite-forming
eruption, sourced from the CF area, having a larger areal distribution.
The presence of a thin reworked horizon at 75.7 m of depth may suggest
a very brief phase of syn-eruptive reworking.

Regarding the deepest unit, the remarkable thickness (>17 m), the
relative coarseness and the textural characteristics of PU-1 suggest an
emplacement from pyroclastic currents from a source located in the
continental part of CF volcanic district. The presence of quartz in the PU-
1 products, highlighted by the XRD analyses, is linked to the occurrence
of lithic fragments from the sedimentary basement (siltite), which could
be a diagnostic feature for this pyroclastic units even for proximal-distal
correlations.

7.2. Implications for the history of the Neapolitan Volcanic Area explosive
activity

The radioisotopic age (59.03±0.50 ka; Fig. 9a) of the lowermost sub-
unit of PU-29 (Fig. 4) allows the recognition in the Ponti Rossi borehole
of a minimum number of 28 PUs older than the CI, which increases to 29
if we consider the dated sub-unit itself (Fig. 10). Based on the adopted
stratigraphic criteria, the 7 sub-units that compose the PU-29 should
span a relatively short time interval close to the sub-unit dated at ~59
ka, as the colluvial sands intercalated in PU-29 (Fig. 4 and Table 1) could
be either syn-eruptive reworking events between very closely spaced
eruptive pulses of a single, long-lasting eruption or, in any case, repre-
sent short inter-eruptive time intervals. If this is true, the sequence
potentially including the pre-CI activity attains a minimum thickness of
79.2 m and represents at least 70 % of the total cored succession (113.2
m). It includes all the PUs belonging to the basal and middle part of the
drillhole (plus the PU-29 belonging to the upper part), confirming that
the selected site perfectly achieved the main purpose of our research.
Even though in our stratigraphic framework each PU does not neces-
sarily correspond to an Eruption Unit (sensu Fisher and Schmincke,
1984), at least 29 eruptions older than CI are recognised in the Ponti
Rossi borehole. Geochronological, chemical and isotopic investigations
are planned to determine the occurrence of multiple Eruptive Units in
some single PUs.

The remarkable number of PUs older than 40 ka, never reported in
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any other borehole drilled in nearby areas, and the clear identification of
pyroclastic deposits even of minor thickness greatly increase the possi-
bilities for a more detailed reconstruction of the history of the Neapol-
itan Volcanic Area before the CF caldera formation. In fact, results from
our scientific drilling differ from those reported in the S51 borehole
where only eleven units underlying the CI, with thicknesses ranging
from 0.8 m to 11.7 m, were recognised by Pappalardo et al. (2002). This
difference may be attributed to local erosion or reworking/pedogenesis
of the thinnest units and to the better quality of the modern drilling
techniques. Indeed, the high recovery percentage (~98 %) allowed us to
retrieve even very thin units (a few centimetres thick) that may have
been lost in the S51 borehole.

The radioisotopic age of the deepest cored unit (PU-1, 110.00±0.35
ka; Fig. 9b) is undoubtedly one of the most relevant results of this study,
as it represents the oldest ever age of a volcanic deposit recovered from
the CF area, specifically in proximal settings along or close to the caldera
rim. The age of PU-1 is significantly older than that obtained on a py-
roclastic deposit (San Martino Lower Tephra, ~79 ka; Scarpati et al.,
2013) collected at the base of the San Martino hill (Fig. 2), in the city of
Naples. It is worth noting that the age of PU-1 is consistent, within un-
certainties (2σ level), with that of the Maddaloni tephra (109.3±1.0 ka;
108.9±1.0 ka, recalculated using the same age for the ACs reference
material adopted in this study; Fig. 10) collected in medial settings,
along the piedmont area of the Apennine reliefs bordering the Campa-
nian Plain, and correlated to the widespread X-6 tephra (Monaco et al.,
2022a). The age determination of PU-1 is also indistinguishable from
that of the Durazzano Ignimbrite (116.1±4.4 ka, ±1σ; Fig. 2), recog-
nised in the ENE part of the Neapolitan Volcanic Area (Rolandi et al.,
2003). While a definitive, robust correlation needs a full geochemical
characterization, such a fair chronological consistency suggests that PU-
1 could represent the first near-vent evidence that the Maddaloni tephra
and its distal equivalent (X-6 tephra), as well as geochemically similar
tephra erupted in the same time span, were sourced from the CF area
(Fig. 10).

By considering the available geochronological constraints of the
shallowest and deepest PUs (~15 ka and ~110 ka, respectively), the
borehole recovered a succession representing a 95 ky period of volcanic

activity (Fig. 10), entirely resulting from explosive volcanism. Some
units may be the equivalent to the pyroclastic deposits >40 ka recog-
nised in other sectors of the CF caldera (e.g., Pappalardo et al., 1999;
Perrotta et al., 2010; Vineberg et al., 2023), in the mid-distal settings (Di
Vito et al., 2008; Monaco et al., 2022a), or may be the proximal coun-
terpart of tephra and crypto-tephra reported in the distal marine/
terrestrial tephrostratigraphic records (e.g. Tomlinson et al., 2014;
Giaccio et al., 2017b; Petrosino et al., 2016; Monaco et al., 2022b;
Fernandez et al., 2024). Particularly, the interval 59–110 ka, which
brackets the succession from PU-29 to PU-1, may comprise the Cam-
panian Plain MIS 5 tephra layers (Fig. 10) attributed to the CF area and
dated between ~92 and ~109 ka (Monaco et al., 2022a). Some units
were possibly sourced from the islands of Ischia and Procida, which
produced explosive eruptions in the same time interval (Fig. 10).

8. Summary and concluding remarks

The stratigraphic framework of the Ponti Rossi borehole presented in
this work is a first step toward future research activities aimed at
improving the knowledge of the long-term, late Pleistocene eruptive
history of the Neapolitan Volcanic Area, along with its implications on
the landscape/environmental evolution. The 113.2 m-long sediment
core from the Ponti Rossi area, north of Naples, provided new relevant
data on the poorly constrained volcanic activity of the Neapolitan Vol-
canic Area preceding the CI eruption (~40 ka). The main results are here
summarised:

- based on the stratigraphic analysis, thirty-one Pyroclastic Units (PU)
were recognised. Not necessarily all of them correspond to Eruptive
Units (sensu Fisher and Schmincke, 1984) as specified in the adopted
methodology. The shallowest unit (PU-31) is attributed to the 15 ka
NYT eruption.

- the 40Ar/39Ar data from the deepest cored unit (PU-1) yielded an age
of 110.00±0.35 ka, which represents the oldest ever documented
activity in the proximal sequences of the CF area; this age is
compatible with those of the widespread Mediterranean Maddaloni/
X-6 tephra.

Fig. 10. Summary of the explosive history of Campi Flegrei, Ischia and Procida, as reconstructed from near-vent stratigraphic records, whose products may possibly
be represented in the Ponti Rossi borehole. The main mid-distal tephra layers, spanning the ~15–110-ka interval, found in Campanian Plain are also reported.
Caldera-forming eruptions are in bold italics. Age (ka) of each tephra is reported in bold. The yellow line indicates the only consistent correlation based on strat-
igraphic data. Age data source: aDeino et al., (2004), bAlbert et al., (2019); cGiaccio et al., (2017a); dPappalardo et al., (1999); eScarpati et al., (2013); f Morabito et al.
(2014); gTomlinson et al., (2014); hGiaccio et al., (2017b); iPerrotta et al., (2010): lthis study; mFernandez et al., (2024), nMonaco et al., (2022a). All ages are
40Ar/39Ar except for Morabito et al. (2014) and Tomlinson et al. (2014). Literature 40Ar/39Ar data are recalculated relative to an ACs age of 1.1848 Ma (Niespolo
et al., 2017) adopted in this study. (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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- the thirty PUs underlying the NYT, having thicknesses between 0.13
and 21.5 m, are separated by well-developed paleosols or humified
reworked materials, suggesting the persistence of sub-aerial envi-
ronmental conditions in the selected area. Unfortunately, none of the
units can be clearly correlated to the CI eruption or eruptions that
occurred within the 15–40 ka time interval, making further analysis
necessary for reliable attributions and correlations.

- based on the radioisotopic age of the lowermost sub-unit of PU-29
and of the deepest PU-1, a minimum of 29 eruptions are recorded
in the time span between ~59 and ~ 110 ka, whose deposits
represent at least 70 % of the retrieved pyroclastic succession.

- the pyroclastic succession between ~59 and ~110 ka consists pre-
dominantly of pyroclastic current deposits, resulting from both
magmatic and phreatomagmatic fragmentation, and minor fall de-
posits. Some of these PUs (e.g. PU-1 and PU-2) clearly exhibit fea-
tures, such as coarseness, lithic enrichment, ballistic clasts and
remarkable thickness, compatible with a proximal source.

- At least three units (e.g., PU-3, PU-4 and PU-25) could be products
emplaced during low energy eruptions or distal deposits possibly
vented from Ischia and Procida.

- Some units (PU-12 to PU-19) are characterized by leucite-bearing
juvenile and lithic fragments that appear to be “anomalous” for the
volcanism in the CF area.

- Overall, the Ponti Rossi borehole extended the explosive activity
preceding the CF caldera formation back to at least 110 ka, adding
30 ka to the previously documented history, and setting the basis for
future detailed investigations on this virtually unknown, but rele-
vant, period of the CF volcanic district.
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