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Abstract The 501 m deep hole of the Campi Flegrei Deep Drilling Project, located west of the Naples
metropolitan area and inside the Campi Flegrei caldera, gives new insight to reconstruct the volcano-
tectonic evolution of this highly populated volcano. It is one of the highest risk volcanic areas in the
world, but its tectonic structure, eruptive history, and size of the largest eruptions are intensely debated
in the literature. New stratigraphic and *°Ar/*°Ar geochronological dating allow us to determine, for the
first time, the age of intracaldera deposits belonging to the two highest magnitude caldera-forming erup-
tions (i.e., Campanian Ignimbrite, Cl, 39 ka, and Neapolitan Yellow Tuff, NYT, 14.9 ka) and to estimate the
amount of collapse. Tuffs from 439 m of depth yield the first “°Ar/>°Ar age of ca. 39 ka within the caldera,
consistent with the Cl. Volcanic rocks from the NYT were, moreover, detected between 250 and 160 m.
Our findings highlight: (i) a reduction of the area affected by caldera collapse, which appears to not
include the city of Naples; (ii) a small volume of the infilling caldera deposits, particularly for the Cl, and
(iii) the need for reassessment of the collapse amounts and mechanisms related to larger eruptions. Our
results also imply a revaluation of volcanic risk for the eastern caldera area, including the city of Naples.
The results of this study point out that large calderas are characterized by complex collapse mechanisms
and dynamics, whose understanding needs more robust constraints, which can be obtained from scientif-
ic drilling.

1. Introduction

Extremely explosive volcanic eruptions from large calderas are the most likely hazard to generate global cat-
astrophes [Hill, 2006; Lowenstern et al., 2006]. It is generally accepted that volcanic calderas result from the
rapid magma withdrawal associated with the collapse of magma chamber roof. The collapse is typically
larger with increasing magma volumes. However, some fundamental aspects of calderas—i.e., the mecha-
nisms of collapse and the relation among eruption, magma chamber, and collapse sizes, as well as their
dynamics and structure—still remain uncertain and controversial [Geyer et al., 2006]. This topic has received
considerable attention because of the millions of people living in high-risk volcanic areas [e.g., Druitt and
Sparks, 1984; Lipman, 1997, and references therein; Gudmundsson, 1998; Acocella et al., 2000; Geyer et al.,
2006; Acocella, 2007, and references therein].

Currently, conceptual models for many calderas are based on an incomplete reconstruction of their system
[Lipman, 1997; Cole et al., 2005; Carlino and Somma, 2010]. This produces an unreliable evaluation of the
actual hazard of the active calderas. A well-known case study is the caldera of Campi Flegrei in southern Ita-
ly (Figure 1), which was produced by large volume eruptions at ca. 39 ka (Campanian Ignimbrite, Cl, VEI = 7)
[Fedele et al., 2008] and ca. 15 ka (Neapolitan Yellow Tuff, NYT, VEI = 6) [Deino et al., 2004]. The mechanism
of these eruptions and the involved volume of magma (particularly for the Cl eruption) are still uncertain,
resulting in different interpretations related to the caldera boundary location and to the assessment of DRE
(Dense Rock Equivalent) emitted during each eruption. Some authors proposed that the Cl caldera bound-
ary enclosed the central sector of Naples [Orsi et al., 1996; Perrotta et al., 2006] while other authors [Rosi and
Sbrana, 1987; Vitale and Isaia, 2014] do not incorporate the central part of the city. The latter models are
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Figure 1. Morphological map of the Campi Flegrei caldera. The lines (dashed and solid, respectively, for Cl and NYT) are the caldera limits as proposed by different authors. CFDDP dril-
ling site (larger red star) is shown, together with the deep boreholes drilled by ENEL-AGIP (SV1, SV3, MF1, MF5) and SAFEN (CF23) companies (smaller red stars) and two shallower bore-

holes (smaller yellow stars)

mainly based on the hypothesis of partial reactivation of pre-existing regional faults along which the col-
lapse occurred during the caldera formation.

Also the magma volume involved in the Cl eruption has been evaluated by various authors, producing esti-
mates that range from 80 to more than 300 km® of DRE [Costa et al., 2012, and references therein]. These
different interpretations have important implications for the assessment of both the eruptive mechanism
and the risk for people living in the area. The above uncertainties have been encountered for many large
caldera-forming eruptions worldwide [e.g., Toba, Indonesia; Yellowstone, US; Long Valley, US; Lake City, US;
Creede, US; Chegem, Russia; see Lipman, 2000, and references therein], for which geologic records, are, in
many cases, obliterated by subsequent volcanic activity and erosional processes. In this case, deep drilling
provides the best means to obtain direct information on processes occurring at depth and represents a key
tool for reconstructing the caldera structure and understanding the volcano dynamics [e.g., Eichelberger and
Uto, 2007; Rosi and Sbrana, 1987; Carlino et al., 2012, 2015]. Scientific drilling at Campi Flegrei caldera is of
particular interest, because it improves the amount and the quality of data for evaluating several important
pending questions, such as those mentioned above. This is fundamental in volcanic risk assessment. The
caldera is, in fact, highly urbanized and has been experiencing decades of unrest, with uplift rates up to
1 m/yr, thousands of microearthquakes per year [De Natale and Zollo, 1986; De Natale et al., 2006; Troiano et
al., 2011] and geochemical anomalies [De Natale et al., 1991; D’Auria et al., 2011; Chiodini et al., 2010], lead-
ing to evacuation of Pozzuoli town in 1982-1983. At the present time, the alert level for the caldera has
been moved from “base” (ordinary activity of volcano) to “attention” status. However, any existing hazard
planning requires a continuous implementation of geological data acquired with new research, to attain a
more reliable knowledge of the structure and dynamics of the volcano.
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2. Caldera Drilling and Data Recovering

Among several scientific experiments in the caldera [see Piochi et al., 2014, for a review], the most recent
one is the Campi Flegrei Deep Drilling Project (CFDDP), endorsed by ICDP (International Continental Scien-
tific Drilling Programme) [De Natale and Troise, 2011; Carlino et al., 2015] and targeted the eastern caldera
sector with a borehole achieving a depth of 501 m below sea level (bsl). The drilling project was initially
aimed to gather information about the stratigraphy, rock properties, in situ stress field, and borehole tem-
perature profile of the area in order to evaluate the possibility of a deeper drill hole down to 3500 m bsl [De
Natale and Troise, 2011; Carlino et al.,, 2015]. The CFDDP core/cuttings analyses were performed with the
aim to provide new constraints on the volcanic setting in the eastern sector of the caldera, filling the “infor-
mation gaps” from previous deep exploration work for geothermal purposes in the western, northern, and
central sectors of the caldera [Rosi and Sbrana, 1987; Piochi et al., 2014].

Here we report the main results from lithological, paleontological and geochronological studies on both
cores and cuttings, showing that deposits from the two caldera-forming eruptions (NYT and Cl) are shal-
lower and thinner than expected. Our findings raise new questions about the structure and genesis of the
caldera and the level of volcanic hazard for the Neapolitan area. The obtained results demonstrate the effec-
tiveness of drill holes in providing reliable constraints on caldera dynamics.

The borehole was drilled in 2012 in the 2 km? old steel factory site in Bagnoli (western Naples) and nearby
the Posillipo hill (Figure 1), which represents one of the most well-recognized morphological limit of the cal-
dera, possibly related to the collapse during the caldera-forming eruptions.

The chosen location for the pilot hole deserves some comments. In all the available literature, it is considered
to be inside both the Campanian Ignimbrite and the Neapolitan Yellow Tuff calderas. According to Rosi and
Sbrana [1987] the Posillipo hill represents the structural limit of the Cl caldera. Di Girolamo et al. [1984] and
Lirer et al. [1987] attributed the caldera collapse and its eastern structural boundary, along the Posillipo hill, at
the NYT eruption. According to these papers, the Campanian Ignimbrite was fed through and arcuate fracture
along the northern edge of Campi Flegrei and the relative collapse affected a large area including the Campi
Flegrei and part of the Gulf of Naples. Orsi et al. [1996] and almost all the subsequent literature [i.e., Orsi et al.,
1999; Perrotta et al., 2006] moved the limit of the Cl caldera much more eastward, to include the city of Naples.
Recently, such eastward extension of the caldera limits has been confuted by Vitale and Isaia [2014]. Moreover,
inversion of multidisciplinary geophysical data led Capuano and Achauer [2003] to highlight the lack of evi-
dence for any collapse overcoming the border of the Posillipo hill. In addition, some researchers [Scandone
et al, 1991; Rolandi et al.,, 2003] suggested the only caldera collapse in the area, the one clearly visible also
from geophysical (mainly gravity) data, had been caused by the NYT eruption, whereas the Cl would have
been erupted from the central part of the Campania Plain. It is worthy of note, however, that the collapse sig-
nature from gravity and seismic tomography data [Rosi and Sbrana, 1987; Capuano and Achauer, 2003; Vinci-
guerra et al, 2006], which involves an area smaller than the limits of the caldera as seen in the Northern
sectors, is substantially in agreement with the Posillipo hill being the eastern border of the collapse. An impor-
tant NE-SW trending fault corresponding to the Posillipo alignment was also detected through seismic survey
[Judenherc and Zollo, 2004]. So, from all the literature and geophysical data it appears to be a true structural
limit of the Campi Flegrei caldera. On the other hands, some previous drillings located very close to Posillipo
hill, reaching 100-150 m, put in evidence a dislocation of the NYT, found in the range 30-150 m, with respect
to the outcrops of the hill. Hence, the drilling location was chosen because it seems to be surely within the
NYT caldera and also within the limits of the Cl caldera as reported in the literature, which include also the
hypothesis of faults reactivation through time in this area. The location of the drilling site possibly close to a
caldera border was aimed to study in detail the east side of the caldera, the most crucial because involving
the city of Naples. Previous drillings operated in the mid 1970s and 1980s of the last century for geothermal
research purposes, in fact, sampled only the west side (Mofete area) and the northern side (S. Vito area) of the
caldera, down to 3 km of depth. Obviously, the drilling site, being located very close but inside a caldera bor-
der, provides also new information to discriminate among the different hypotheses on the caldera limits, par-
ticularly for the extension of the Campi Flegrei caldera collapse associated to the ClI eruption, which is the
most debated question in the literature.

Drilling operations were carried out through technical and logistical mud services, thus allowing the collec-
tion of mud cuttings and cores (see supporting information 1). Two cores (of about 1 m) were extracted
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Figure 2. Synthetic stratigraphic reconstruction along the CFDDP drill hole as derived from lithological (description on the left) and micropaleontological (occurrence of fossils within
the main column, i.e,, sponge spicules that, only between 61 and 67 m of depth, associate with diatoms) analyses of samples (see methods in the supporting information 1). Primary and
neogenic mineral assemblage, and H,S spike are also indicated. The photos show the representative sampled materials (size between 2000 and 63 um) and the cores (439 m and

501 m). Stars locate the Ar-dated feldspars. Shaded colors allow rapidly distinguish each stratigraphic unit; Cl is related to the 439 core but we infer that the Cl deposit can extend up to
the 35.1 ka deposit. Feld = feldspar, Px = pyroxene, S = sulfur, Gl = glauconite, Anh = anhydrite, Ca = carbonate, Q = quartz, Ab = albite, T = appearance and L =disappearance of
phases. Depths of Feld and Px occurrence are indicated in the mineral column.
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from 439 and 501 m. The supporting information 1 reports data about mud sampling and analytical techni-
ques. In particular, “°Ar/>°Ar geochronology was performed on feldspars from selected mud cuttings from
the 191 m scoria and the 260 m pumice-rich levels, and the two cores. Feldspars (sanidine) were isolated
using the method of Mark et al. [2011a, 2014]. Crystals were prepared as detailed in the supporting informa-
tion 1 for irradiation with Alder Creek Tuff sanidine (ACs, 1.2056 * 0.0019 Ma) [Renne et al., 2011]. J values
and irradiation interference correction values are presented in the raw “°Ar/>*°Ar data file, together with ide-
ograms (data set in the supporting information 2). Individual sample crystals were analyzed by single-
crystal total fusion with a focused CO, laser. Isotope measurements were made using a MAP 215-50 noble
gas mass spectrometer operated in peak jumping mode (as described in Mark et al. [2014] and in the sup-
porting information 1). The Ar isotope data were corrected for backgrounds, mass discrimination, and
reactor-produced nuclides and processed using the BGC MassSpec software. The atmospheric argon ratios
of Lee et al. [2006], the latter independently verified by Mark et al. [2011b], were employed.

3. Analytical Results

The lithological, mineralogical, and micropaleontological analyses of cuttings and coring from CFDDP dril-
ling are reported here and summarized in Figure 2. Texture, mineralogical assemblage, and chemistry of
cores are reported in Mormone et al. [2015]. The sequence is fully composed of pyroclastic materials. The
uppermost sequence (down to 36 m) consists of subaerial pyroclastic deposits composed of variably vesicu-
lar and porphyritic fragments (magenta in Figure 2); we recognize the Agnano Monte Spina tephra [ca. 5 ka;
de Vita et al.,, 1999] at the base. It covers a 130 m thick sequence of sponge spicules and diatoms-bearing
deposits, locally including organic carbon remains, wood fragments, and peat deposits. In particular, from
about 45 to 165 m, the grains are subrounded or rounded, vesicular to dense, heterogeneous pyroclastic
fragments, with heterogeneity and rounding shape directly correlated to the microfossil abundance. Dia-
toms occur only within the peat deposits (three samples at depth of 61, 64, and 67 m). These deposits are
soft, blackish, and biogenic, with rare pumiceous grains. The diatoms occurrence within a narrow depth
interval suggests limited cross-contamination between different rock strata and gives support to the recon-
struction. Below, the sequence shows a ca. 100 m thick (161-245 m depth interval) nearly monotonous
deposit mainly composed by brown dense (obsidian-like) to vesicular glass fragments, mostly scoriae, and
greenish dense clasts, beige pumices, and tuffs, with minor amount of sponge spicules. The glassy matrix of
obsidian and vesicular scoriae contains rare very thin feldspar and apatite microlites.

At 255 m of depth, the scoriae disappear and the 53 lowermost samples collected down to the bottom of
the borehole are all devoid of fossils; materials from 255 to 265.5 m are barren and can be attributed to an
about 20 m thick grayish pumice deposit.

The remaining underlying sequence is composed of greenish tuffs overlying a gray tuff at the bottom of
the hole, both containing very low abundances of feldspars; the transition between the two tuffs is likely
gradual and starts to occur at ca. 450 m. Samples from the greenish tuffs are very homogeneous and
strongly comparable to the core at 439 m, with only local (i.e., 290.5-318 m) increases of yellowish vesicular
and low-crystalline pumice sand layers. The 439 m core [see Mormone et al., 2015, for details] is representa-
tive of a fine-grained to coarse-grained heterogeneous fossil-free tuff, gray-green in color with stretched
and subrounded vesicular pumices, strongly altered by clays minerals.

The core at 501 m is a chaotic tuff with coarse-grained to fine-grained ash matrix hardened by zeolitization
and includes cm-sized iridescent gray-to-silvery and grayaphyric juvenile vesicular fragments with devitrifi-
cation of the glass matrix [Mormone et al., 2015].

The “°Ar/*°Ar age constraints are shown for the four dated samples at the specific depth and provide the
absolute chronology of the sequence.*°Ar/*°Ar data are plotted in the diagrams of Figure 3 and listed in the
supporting information 2. All data are reported at the 1-sigma confidence level (unless otherwise stated)
and uncertainties are reported as =X/Y, where X is the analytical precision and Y is the full external precision
(including decay constant uncertainty). All data are reported relative to the optimization model of Renne
et al. [2010] using the parameters of Renne et al. [2011] and corrected as in the Analytical methods section.
Sample INGV 439 yielded a single-crystal “°Ar/>°Ar age population whereas the other samples yielded com-
plex ideograms owing to mixing of crystals of different ages. Only sample INGV 260 yielded data with a
clearly discernible juvenile age population. The other two samples (INGV 191 and 501) yielded single-crystal
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Figure 3. “°Ar/*°Ar geochronological data presented on ideograms (left) and isotope correlation plots (right) for samples INGV 191, 260, 443, 500. The ideogram show the age distribu-
tion for single crystals from each sample plotted against the K/Ca ratios and percentage radiogenic *°Ar (“°Ar*). The data show that a range of feldspars with variable compositions were
dated. Owing to the presence of xenocrysts within each sample a statistical filter of choosing the youngest coherent Gaussian distribution of data was selected. This was the only accu-
rate way to determine the ages of the rocks in this situation. The isotope correlation plots for all samples (showing crystals selected as a part of the youngest Gaussian distribution crite-
ria) all define inverse isochrons that overlap at 95% confidence with the age defined by the ideograms and the modern day “°Ar/*’Ar value for atmosphere, as expected. Supporting
information 1 provides details of methodology, and supporting information 2 provides the full raw data.
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“OAr/*Ar ages that overlapped a large temporal range suggesting xenocrystic contamination. This is
expected given that samples were recovered from a proximal location to the volcanic vents and high-
energy emplacement mechanisms probably recycled older erupted material in to younger flows. Further-
more, because the samples from the CFDDP borehole were recovered as cuttings rather than core and we
cannot rule out cross contamination between horizons during the drilling, although we consider this unlike-
ly or strongly limited, as already stated above. Therefore, we analyzed the data using statistical filters—ask-
ing the MassSpec software to choose the youngest Gaussian peak with MSWD probability cut off (0-
1) = 0.05. Although not an ideal approach, the statistical filter returned ages that makes sense in terms of
the stratigraphy of the selected samples. The single-crystal data from each Gaussian profile were plotted on
an isotope correlation plot with all samples defining an inverse isochronous. Ages calculated from the ideo-
grams are indistinguishable from the inverse isochrones with all samples defining an initial trapped compo-
nent indistinguishable from modern day atmosphere.

The *°Ar/*°Ar age for each sample (see also Figure 2), therefore, is:
INGV 191: 169 = 1.1/1.2 ka
INGV 260: 35.1 = 0.5/0.6 ka
INGV 439:38.5 + 1.7/1.8 ka
INGV 500: 47.5 + 0.8/0.9 ka.

4. Discussion

The CFDDP lithological sequence, in contrast with previous Campi Flegrei wells [Rosi and Sbrana, 1987;
Piochi et al., 2014], has age-based constraints that can be very useful to detail the collapse features and the
evolution of the volcano, also by comparison with outcrops.

The scoriae sample at 191 m, dated at ca. 17 ka, is part of the monotonous scoriaceous deposits drilled
between 161 and 245 m. Based on the age and lithologic similarity, it can be attributed to the NYT
sequence and/or the pyroclastic sequence immediately below it. The closest NYT outcrop mostly constitutes
the tectonic cliff of the Posillipo hill, <1 km east of the CFDDP site (Figure 1). Here the NYT is a ca. 100 m
thick pyroclastic sequence that, consistently, also (i) includes a few tens of meters of scoria levels or lenses
and greenish tuff clasts [Rittmann, 1950] and (ii) overlaps the Trentaremi volcano [ca. 21 kyr: Scarpati et al.,
2013]. Therefore, the borehole shows that the base of the NYT within the caldera is not more than 250 m
deep, while it is located roughly at the sea level along the Posillipo cliff. This depth is comparable with the
180-200 m determined in the bay of Pozzuoli [submerged sector of Campi Flegrei, e.g., Sacchi et al., 2014]
and suggests that it was modest and likely on the order of 250 m.

Furthermore, the volcanic rocks at 260, 439, and 501 m show age of ca. 35, 39, and 48 ka, respectively, and
are found at shallow depths. This sequence records an important period of volcanism around the Cl, as gen-
erally recorded along the other sides of the caldera. The pumiceous deposit at 260 m below the NYT (Figure
2) is part of several pyroclastic sequences produced before the NYT (Rittmann, 1950; Pappalardo et al., 1999;
Scarpati et al., 2013]. This sequence does not generally exceed a few tens of meters. Our borehole data, in
agreement with distal outcrops, also suggest that, between 18 and 35 ka, volcanic activity was mostly con-
sisted of small eruptions.

The hydrothermal alteration [Mormone et al., 2015] of the two cores (439 and 501 m) makes a correlation
with deposits exposed throughout the caldera difficult. However, the age data of the 439 m tephra are con-
sistent with the age for the Cl eruption sequence [e.g., Fedele et al., 2008]. Consistently, the tuff at the bot-
tom of the core has been dated at 47.5 + 0.8/0.9 ka. Additional support for the chronology presented here
derives from the Sr-isotope ratio of the bottom of the core as already reported and suggested by Mormone
et al. [2015]. The ratio is, in fact, 0.707528 * 4, i.e.,, comparable with ratios known for the lava domes under-
lying the Cl at the Mofete wells (see MF5 and MF1 in Figure 1 for location). Therefore, based on previous
qualitative reconstructions [Rosi and Sbrana, 1987; Piochi et al., 2014], the depth of the Cl is possibly deeper
(700 m) at Mofete than it is at the Bagnoli drilling site, ca. 439 m. Also, despite the absence of sedimentolog-
ical features derived by the mud cutting sampling, the textural and mineralogical similarity of the samples
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Figure 4. Depth of drilled fossiliferous and subaerial tephra (symbols in the diagram) compared with the sea level variation (blue line) as
reconstructed by Antonioli et al. (2004), at the age of their formation. The rates of sea level variation (dashed green line) and of sedimenta-
tion (dashed brown line), calculated using the available data (thickness deposits/time interval), are displayed evidencing the huge amount
of products deposited between 38.5 and 35.1 ka (orange colored box). The Wurmian sea ingression started at 18 ka is colored in cyan; to
note the similarity of sedimentation and sea ingression rates in this period and up to 5-8 ka.

in the 265-450 m depth interval suggests (as we display in Figure 2) that the Cl deposits could extend from
the bottom gray tuff up to the gray pumice layers.

We merged ages, microfossils occurrence and the local sea level curve [Antonioli et al., 2004] in order to
recover information and discuss the main questions concerning the volcano evolution, at least in the east-
ern part of Campi Flegrei (Figure 4).

The drilled sequence between 250 and 501 m (ca. 35-48 ka) is fossil-free and we hypothesize that it was
deposited in a continental environment. By considering the sea level at that time (blue line in Figure 4), it
must have been at least 350 m above its present elevation. Similarly, the 35 ka pumice layer was deposited at
about 180 m above its present elevation. Also, fossils indicative of a marine environment are found only in
the sediments shallower than 250 m between ca. 35-17 ka (Figure 4) when the sea level is slightly decreasing
and later on, when this marine environment is contemporaneous to the sea ingression (blue line in Figure 4).
The position of peat deposits nearly plotting on the sea level curve supports our reconstruction in Figure 4.

The inferred minimum drop of 350 m includes the contributions of the collapse of both Cl and NYT (and any
other collapse subsequent to Cl). A relative evaluation of the collapse related to the NYT can be inferred by
taking into account, as a reference point, the base of NYT sequence outcropping out along the inner (western)
side of Posillipo hill. It stands roughly at the sea level and thus the net drop related to NYT eruption is equal
to about 250 m. Thus, subtracting the amount of NYT collapse from the total drop of 350 m, we found a col-
lapse of about 100 m that can be related to the Cl. This evaluation neglects the possible minor collapses due
to minor eruptions, which possibly are less significant. However, these estimates are conservative as they con-
sider the deposition of the Cl and 35 ka rocks just at the time-related sea level and the absence of erosional
and uplift processes. It is then worthy to note that the ratio between the measured collapses related to NYT
and Cl is 2.5, which appears unreliable because Cl was a much larger eruption (with erupted volume about 10
times larger). The environmental reconstruction at this time is represented in Figure 5a, which shows the cal-
dera evolution is characterized by a subsidence progressively determining the marine ingression and sedi-
mentation recorded between 35.1 and 16.9 ka in the Bagnoli area [Rosi and Sbrana, 1987; Orsi et al., 1996;
Perrotta et al., 2006; Piochi et al., 2014]. The scoriae deposits correlated to the NYT are characterized by pres-
ence or absence of fossils at the different depths (Figure 2); the site at this time was submerged (Figure 4).
We therefore suggest that the NYT sequence was deposited in an environment oscillating from submarine to
subaerial, possibly in relation to the dynamics of the eruption. Based on the type of drilled deposits, i.e., scoria-
ceous, an eruptive vent of the NYT could be proximal to the drilling site.
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Figure 5. Sketch showing the evolution of the eastern side of the Campi Flegrei caldera following the 47.5 ka tuff. This sketch was drawn not to scale and considering only the well con-
strained deposits, thus it does not provide information about the layering shape, but only the relative position during the evolution of the drilled site. (a) The situation after the Campa-
nian Ignimbrite (Cl) volcanism and just after the deposition of the 35 kapumiceous deposit, both in a subaerial environment; (b) the area at the time and during the Neapolitan Yellow
Tuff (NYT) eruption; note the local vent in a marine and/or transitional environment and the Trentaremi (Tre) volcano; (c) the Bagnoli Plain and the Posillipo hill at the present time; the
Agnano Monte Spina Tephra (AMS) was deposited on the marine to transitional sequence (MTD or MSD) that includes the peat layer (black layer). Refer to Figure 4 for sea level.

The overlying sediments are similar to the sequence cropping out along the La Starza marine cliff in Pozzuo-
li emplaced during the marine ingression, following the low sea level stand of ca. 18-14 ka. The uppermost
160 m borehole sequence contains variable fossil abundances and grains shapes, suggesting transitions
among marine—coastal—continental depositional environments with the presence of peat layer deposits
likely related to the emergence phase recorded at La Starza at about 8.5 ka (Di Vito et al., 1999). The <5 ka
borehole sequence, lacks of marine fossils and is presently below sea level, also suggesting slow subsidence
during the past 5 ka. Based on the age and thickness of deposits, rates of sedimentation and sea ingression
were on the same order of magnitude (Figure 4). This suggests, after the NYT eruption, a slow and continu-
ous dominant subsidence process in this area producing the present geological setting (Figure 5c). This dif-
fers from what recorded on La Starza [Rosi and Sbrana, 1987; Isaia et al., 2009], where uplift events occurred.
However, the peat deposits suggest a variable subsidence rate, at least in the most recent period, with an
increase of subsidence just after the peat deposition.

The shallow depth of both the Cl sequence and ca. 48 ka tuff, along with the sediment depositional environ-
ment and the sea level variation (Figure 4), cannot be unequivocally interpreted, but it anyway opens some
interesting questions related to the caldera formation. First, we must recall that several researchers [Di
Girolamo et al., 1984; De Vivo et al., 2001] based on different stratigraphic observations, argued the Cl did
not erupt from Campi Flegrei caldera, but from a series of fractures mainly located north of Campi Flegrei,
with maximum emissions in the central part of the Campanian Plain and only marginally involving the Cam-
pi Flegrei area [De Vivo et al., 2001]. The very low amount of collapse in the Bagnoli area, mainly if compared
with the NYT, as computed in the hypothesis that the original elevation was close to the sea level, would
agree with a model with little or no collapse related to Cl in the drilling area. As an alternative hypothesis,
the Cl collapse could have been preceded by a large uplift (several hundreds of meters) so that the original
elevation of the caldera, at the eruption time, was much higher than the sea level. Large regional tumes-
cence before the Cl eruption has been actually hypothesized by Luongo et al. [1991]. In the hypothesis a Cl
collapse occurred here, it is clear from our data that the drilling site would be anyway very close to the cal-
dera structural rim, as formerly hypothesized by Rosi and Sbrana [1987] (Figure 1) and supported by seismic
data and gravimetric anomalies [Capuano and Achauer, 2003]. In this case, the small amount of collapse,
basically related to NYT, would further indicate a differential collapse mechanism, in which the amount of
collapse progressively increases from the borders towards the centre caldera, likely in the late phases of the
eruption. This idea is also in agreement with previous models based on petrological inference [Rosi and
Sbrana, 1987; Piochi et al., 2014]. Regarding the ca. 17 ka scoria deposits, they indicate the base of the NYT
at a depth of ~250 m of depth and, allowing for subsidence within the last 3.5 ka, the CFDDP provides no
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evidence for a large volcano-tectonic collapse at ca. 15 ka. It appears to indicate that the NYT eruption pro-
duced a small vertical displacement, in agreement with the above cited seismic reflection data highlighting
150-200 m of volcanic sinking in the Pozzuoli Bay [Bruno, 2004].

The collapsed area for CI eruption, as from our data, should be reduced by 64 km? at least, moving the east
Cl caldera rim about 8 km inward with respect to the models that incorporate the main part of the city of
Naples [i.e., Orsi et al., 1996]. The Cl caldera rim inferred from our drilling data is possibly closer to that pro-
posed by Rosi and Sbrana [1987] or Vitale and Isaia [2014] (Figure 1). The lack of co-ignimbrite breccia local-
ly, cannot be unambiguously interpreted, due to the spatial limitation of drilling and/or the drilling
technique, which does not favor the identification of such rock types. However, beyond the indicated limita-
tions, we can argue that the co-ignimbrite breccia is not present in this part of the caldera because of the
modest amount of volcano-tectonic collapse that occurred in the late phase of the eruption [Rosi et al.,
1996]. A computation of the ignimbrite volumes inside the caldera can be performed, taking into account
the limits of this estimation. Well-constrained stratigraphic information on the inner caldera and a reliable
knowledge of the relative role of erosion versus deposition and of subsidence versus tumescence processes
are needed for this estimate. Taking into account a thickness of ca. 250 m for the <47.4 to 35.1 ka deposits
as observed at the CFDDP and also in surrounding outcrops [see Rosi and Sbrana, 1987; Orsi et al., 1996;
Fedele et al., 2008], we estimate a rock volume less than 16 km?>. For the ca. 17-39 ka sequence, a possibly
comparable thickness of few tens of meters at both the CFDDP and the above mentioned peripheral out-
crops suggests few km? of magma erupted by several vents. A similar volume [see Smith et al., 2011a,
2011b; Mormone et al., 2011], for the last <15 ka of volcanic history, could be considered representative of
the intracaldera behavior at the Campi Flegrei system.

Finally, considering the accepted mechanisms of caldera-forming-eruptions [Lipman, 1997; Cole et al., 2005],
the modest amount of Cl collapse cannot be easily reconcilable with the very large erupted magma volume
(e.g., >250 km? in Costa et al., [2012]), as already discussed. Furthermore, the very thin deposits observed
here, are equally difficult to reconcile with such a large volume eruption generated from Campi Flegrei cal-
dera. For such a reason, our data cannot exclude the hypothesis that Cl was also erupted from fissural vents
extending also outside the caldera margins, so that what seen here could be a bit of collapse peripheral to
the main eruption.

As a whole, our findings, indicating complex mechanisms of caldera collapse, agree with the recent view of
caldera collapses representing very complex and far from homogeneous (e.g., simple piston-like) mecha-
nisms [Kennedy et al., 2008].

5. Conclusions

The stratigraphic sequence and the “°Ar/*°Ar dating constraints at the CFDDP borehole provide new
insights on the eastern Campi Flegrei caldera deep structure and evolution. The CFDDP sequence cannot
be directly correlated with nondated rocks drilled elsewhere, which prevent a confident reconstruction of
the Campi Flegrei caldera at a wider scale. However, based on the CFDDP data, we can point out the follow-
ing main results in comparison with the recent scientific literature: (i) a reduction of the area affected by col-
lapse with respect to the hypothesis of other authors (e.g., Orsi et al., 1996; Perrotta et al., 2006]; (ii) a
surprisingly small volume of the infilling caldera deposits, particularly for the Cl eruption; and (iii) a reassess-
ment of the collapse amounts and mechanisms related to the Cl and NYT eruptions.

The borehole data do not support a collapse extending toward the central city and Gulf of Naples with an
hypothesized drop of ~1500 m and also show that the drilling site is very close to the caldera border (Fig-
ure 1). The low amount of collapses recorded here, with a maximum drop of 250 m for the NYT eruption,
indicates a complex mechanism of collapse that cannot be attributed to a simple piston-like model. Further-
more, the inferred shallow depth of the Cl layer, which in terms of hypothetical amount of collapses would
indicate a ratio of 2.5 in favor of NYT with respect to much larger-volume Cl, is unexpected. This is a very
crucial finding, which favors the hypothesis that Cl was possibly erupted from vents also outside the Campi
Flegrei caldera. An alternative model, which would explain such an anomalous ratio but not the very thin
deposit of a so large volume eruption, would be that a very large regional uplift occurred related to the Cl,
on the order of several hundred meters, and/or a much larger collapse in the central sector of the caldera.
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The new findings are also helpful in orienting the future studies of the problem of risk posed to the city of
Naples, indicating the Campi Flegrei caldera is delimited eastward by the Posillipo hill, and does not extend
into the central part of the city of Naples as stated by most of the recent literature.

The results of this study point out, in a more general way, that large calderas are likely to be characterized
by complex collapse mechanisms, in which the collapse progressively deepens going from the borders
toward the central part. In particular, collapse mechanisms could be proven in detail by further drillings
closer to the caldera centre. Such a complex mechanism, which is suggested by our data, also emerges as
the most likely one in recent theoretical studies on caldera formation [Kennedy et al., 2008]. Finally, this
study shows the importance of age-based correlation between intracaldera and extracaldera tephra in
defining the eruptive mechanisms at the origin of collapse. This problem is common to several calderas
worldwide [Lipman, 1997]; for the above reasons, scientific drilling demonstrates as one of the most power-
ful tools to reconstruct the structure, the collapse mechanism and the volcanic history of calderas.
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