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Abstract

Naples and its hinterland in Southern Italy are one of the most urbanized areas in the world
under threat from volcanic activity. The region lies within range of three active volcanic
centers: Vesuvius, Campi Flegrei, and Ischia. The Campi Flegrei caldera, in particular, has been
in unrest for six decades. The unrest followed four centuries of quiescence and has heightened
concern about an increased potential for eruption. Innovative modelling and scientific drilling
are being used to investigate Campi Flegrei, and the results highlight key directions for better
understanding the mechanisms of caldera formation and the roles of magma intrusion and
geothermal activity in determining the volcano’s behavior. They also provide a framework for

evaluating and mitigating the risk from this caldera and other large ones worldwide.

Understanding and mitigating volcanic risk: the case of Campi Flegrei.

About 1 billion people are threated by known active or potentially active volcanoes; in
some regions, large urban areas have developed close to volcanic vents, resulting in extreme
risk even from small to moderate eruptions. The area arguably at greatest risk in the world is
the Neapolitan district of southern Italy, where about three million people live within 10 km
of the active volcanoes of Vesuvius, Campi Flegrei and Ischia (see map in Fig. 1). Of these,
Campi Flegrei is currently in unrest for the first time since its only historical eruption in 1538
[De Natale et al., 2006]. An urgent goal is to understand whether the new unrest means that

the volcano has returned to conditions that favour an eruption.



Formation of Campi Flegrei

Campi Flegrei is a typical example of a large collapse caldera, in which post-caldera
volcanic activity is polygenetic. Such calderas represent the most explosive, yet least
understood, volcanism on Earth [Acocella et al, 2015]. Campi Flegrei itself is generally
thought to have been formed during two large eruptions of ignimbrites: the 300 km?3
Campanian Ignimbrite (CI, 39,000 years ago) and the 50 km3 Neapolitan Yellow Tuff (NYT,
15,600 years ago). The CI eruption was the largest to have occurred in Europe for at least
100,000 years, and has been included among the possible causes for the extinction of the
Neanderthals [Fedele et al, 2002]. Its caldera was initially defined as a quasi-circular
structure, about 12 km across, approximately centered on the coastal town of Pozzuoli [Rosi
and Sbrana, 1987]. Its southern third was submerged beneath the Bay of Pozzuoli, and the
amount of collapse associated with the eruption was estimated to have been at least 1.5 km
[Rosi and Sbrana, 1987]. On land, its eastern margin included the westernmost suburbs of
Naples that had extended beyond the promontory of Posillipo Hill. Later studies proposed
that the margin instead tapered out another 10 km further east and included virtually the
entire city [Orsi et al., 1996].

The role of the CI eruption, however, remains controversial and has been challenged most
strongly by De Vivo et al. [2001], who argue that Campi Flegrei’s caldera was formed during
the NYT eruption alone. Nevertheless, the different models agree that the caldera most
evident from geophysical observations (such as gravity anomalies) reflects collapse during
the NYT eruption. Yellow tuff is the most typical rock covering Naples and historically has
provided one of the main construction materials for houses, churches and other public
buildings in the Neapolitan district.

Since the Neapolitan Yellow Tuff eruption, about 60 intracaldera euptions have been
recognised across the floor of the caldera [Smith et al., 2011]. Each has expelled volumes of
magma between about 0.01 and 1 km3. The majority have been explosive and produced
significant ash fall and pyroclastic flows. The area most exposed to possible pyroclastic flows
hosts about 600,000 people, including the western suburbs of Naples that lie inside the
caldera. In addition, because the dominant wind direction is toward the east, downtown
Naples (a city of one million people) is also vulnerable to ash falls of thicknesses large enogh

to damage buildings [Mastrolorenzo et al., 2006; 2008].



Historic unrest at Campi Flegrei

Ground movements at Campi Flegrei have been exceptionally large in the last 2000 years,
as shown by variations in elevation with respect to sea level at coastal archaeological sites
dating back to Roman times. We know from such observations that the ground during that
time underwent almost continuous subsidence, which was interrupted at least once, in the
early Fifteenth Century, about 100 years before the 1538 eruption of Monte Nuovo, the only
eruption to have occurred in historical times [Dvorak and Mastrolorenzo, 1991; Bellucci et al.,
2006; Di Vito et al,, 2016]. The mean rate of subsidence was approximately 1.5-2 cm/year at
the site of modern Pozzuoli, near the centre of the caldera [Bellucci et al,, 2006]; during the
century of uplift before 1538, Pozzuoli rose by some 17 m [Bellucci et al., 2016]. After 1538,
the ground at Pozzuoli again subsided at 1.5-2 cm/year until 1950 [Del Gaudio et al., 2010],
after which it rose by about 4.5 m during three intervals: 1950-1952, 1969-1972 and 1982-
1984. The last uplift was first followed by a slow subsidence of about 0.8 m until 2000-2005,
followed by slower uplift, which continues today [Kilburn et al., 2017; Moretti et al., 2017].
The two rapid uplifts between 1969 and 1984 were accompanied by swarms of earthquakes
of small magnitude (up to My=4.0) and movements since at least 1982 have been
accompanied by marked changes in the geochemistry of fumarolic gases [Chiodini et al., 2016;
Moretti et al., 2017].

The renewed unrest since 1950 has raised serious concern about a possible eruption. It
highlights the need for research into the evolution and structure of the caldera to better
understand the significance of the present unrest. Such understanding will help to reduce the
risk from volcanic activity not only at Campi Flegrei, but insights can be applied to unrest at

similar collapse calderas worldwide.

Crucial scientific questions for risk mitigation and the importance of scientific drilling.
The immediate questions to be addressed at the Campi Flegrei caldera include:

® What are the relative contributions of magmatic and hydrothermal processes to ground
uplift? How does this relate to the repeated uplift episodes that resulted in a cumulative
uplift of several meters, and how can we place this in the context of evolving volcanic
unrest?

® How can we forecast the possible evolution of volcanic unrest leading up to an eruption?



® How and when did the caldera form, and what part of the Neapolitan urban area does it
encompass?

To meet these goals, and provide detailed data regarding the caldera, the the International
Continental Scientific Drilling Program supported a drilling project into the caldera. The
Campi Flegrei Deep Drilling Project (CFDDP) [ICDP; De Natale and Troise, 2011] was launched
in 2012, with the drilling of a ‘pilot hole’ to a depth of 500 meters, in an abandoned steel

works at Bagnoli in the eastern part of the caldera - and the westernmost part of Naples.

How many calderas have produced Campi Flegrei?

A primary aim of the pilot hole was to test the performance of borehole monitoring
instrumentation under the harsh conditions expected within the volcano (hot, acidic and
corrosive ground water), and to measure crucial parameters like rock permeability and
tectonic stress at depth [Carlino et al.,, 2015]. An unexpected bonus was that the borehole
samples revealed an impressive record of the caldera’s collapse, discovering volcanic
products as old as 48.000 years. Argon-argon dating of core samples revealed that the pilot
hole had penetrated deposits from both the NYT and CI eruptions [De Natale et al., 2016]. The
NYT was found about 250 m below subaerial outcrops in the adjacent Posillipo Hill and the CI
was encountered at a depth of only 439 m [De Natale et al., 2016].

Both levels were shallower than expected. The shallow depth of the NYT in this area,
compared to the mean collapse of about 700 m, suggests that the collapse was uneven and
probably deeper toward the center of the caldera. In the case of the CI, previous studies had
inferred a collapse of 1.5 km or more [Rosi and Sbrana, 1987; Orsi et al., 1996]. The shallow
depth of the CI deposits at the drill hole site imply that the collapse was much smaller. After
taking in account changes in sea level (which, at the time of eruption, was about 100 m lower
than today) and collapse of the NYT caldera, the depth of the CI deposits imply a collapse at
that location of only about 100 m. Even including that the collapse extended beneath the
whole of Naples, the erupted volume can only be explained with an overall mean subsidence
of 1 km, which is ten times larger than we found. According to the extended caldera model,
the pilot hole is located well within the area of main collapse. Unless the borehole happens to
have been drilled in an unrepresentative area of small subsidence, the new data raise doubts
about whether the CI significantly shaped the Campi Flegrei caldera. If confirmed, the result
would support the view of De Vivo et al. [2001] that most collapse at Campi Flegrei occurred

during the NYT eruption. It also implies that most of Naples does not lie within the Campi



Flegrei caldera. The implications of such new findings for volcanic hazard assessment in the

city of Naples are crucial.

New interpretations of Campi Flegrei unrest

Designing the CFDDP program stimulated a reappraisal of geochemical data that had been
collected from fumarolic emissions over the course of more than three decades [Chiodini et
al,, 2012, 2016]. The results confirmed that as much as 0.1 km3 of magma was intruded at
depths of about 3-4 km during or before the unrest of 1982-1984 and that most of it likely
cooled and solidified by 2000 [Moretti et al., 2013; 2017]. However, in contrast to
interpetations suggesting that the slow uplift since 2005 can also be attributed to the shallow
intrusion of magma [Chiodini et al., 2016], the new analysis indicates that conditions are
instead returning, after shallow magma cooled by 2000-2005, to those that prevailed before
the 1982-1984 unrest [Moretti et al., 2017], with gas emissions coming directly from the
deeper magma chamber, located at a depth of about 8 km. Understanding whether new
magma is being intruded to shallower depths is crucial for evaluating the potential for
eruption. By allowing additional gas sampling at depth, the CFDDP program will provide an
exceptional opportunity for future monitoring.

Although the new geochemical studies indicate a lack of shallow magmatic intrusions over
the last few decades, an evaluation of the full sequence of unrest since 1950 indicates an
underlying long-term evolution in the state of stress in the crust [Kilburn et al., 2017]. The
three episodes of rapid uplft between 1950 and 1984 have been characterized by an increase
in the number of micro-earthquakes, or volcano-tectonic (VT) events, recorded per meter of
uplift. The majority of VT events occurred in the shallow crust, above the inferred level of
magma intrusion. The change in uplift rate and seismicity is thus consistent with the crust
being uplifted and stretched by successive intrusions and deforming as an elastic material at
depth an brittle material closer to the surface, with the brittle component, which produces VT
events, becoming progressively larger with time. It also implies that the slow and nearly
aseismic subsidence and uplift at Campi Flegrei since 1984 reflect corresponding decreases
and increases in pore-pressure in the geothermal system [Kilburn et al., 2017], consistent
with arguments from gas analyses [Moretti et al., 2017]. The overall picture that emerges is
that stress is accumulating in the crust along a trend toward bulk failure. Such an event, in
turn, may provide a new pathway along which the deeper magma could escape to the surface.

Although an eruption is not guaranteed, the potential for eruption seems to be now



significantly greater than before previous emergencies [Kilburn et al., 2017]. The CFDDP will
provide measurements of deformation and VT event rates at depth [Carlino et al., 2015] and
these, combined with surface measurements, will provide better constraints on where brittle
failure is most likely to occur in the crust. Clearly, close monitoring of this situation is
essential, and will be made more effective by the new borehole instruments installed in the

framework of CFDDP and related projects.

Conclusions

Analyses of the recent unrest at Campi Flegrei have highlighted key topics to be
investigated to improve assessments of the caldera’s potential for eruption. These include
extended monitoring of gas geochmistry, detailed analysis of the rheological behavior and
accumulation of stress in the crust, and their applications to understanding the behavior of
the geothermal system and mechanisms of shallow-level magma intrusion. Analyses to date
have been confined to geodetic, geophysical and geochemical measurements made at the
surface. Major advances are expected by incorporating new data from borehole
measurements below the surface. At Campi Flegrei, a new offshore drilling program is being
designed to augment the onshore CFDDP borehole. Beyond Campi Flegrei, data from both
these initiatives will be likely complemented by those from parallel deep drilling programs
planned in other volcanically-active regions, including the Krafla Magma Drilling Project in
Iceland, the Newberry Volcano Deep Drilling Project in the USA, and the Japan Beyond Brittle
Project. Thus, the next decade may lead to a transformational change in our understanding
not only of large calderas, such as Campi Flegrei, but also of the mechanisms that drive

eruptions at volcanoes worldwide.
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Figure Caption

Fig.1 Campi Flegrei caldera (orthophoto on DEM) with key data and results mentioned in this
paper: a) sketch map of the caldera with the two previously hypothesized caldera collapses;
the red bar shows the actual limits of both calderas as inferred by De Natale et al. (2016); b)
picture of fumarole emissions at Solfatara, analyzed by Moretti et al. (2017); the ratio
between H20 and COg, determined in the last 34 years by these authors, is shown; c) picture of
the Roman Market (Macellum) in Pozzuoli town, with the marble columns of the ‘Serapis’

Temple which, with their bores (caused by bivalves) indicating the marine ingression levels



during the time, allowed to reconstruct the secular variations of the ground level since Roman
times (shown in this frame, below the picture); d) picture of the tuff block of Rione Terra, at
the center of Pozzuoli town and the Port; this is the site of maximum measured deformation at
Campi Flegrei, whose trend since 1905 to present is shown below the picture, as measured by
precision levellings until 2000 and by continuous GPS after this date; e) picture of the
dismissed steel factory of Bagnoli (ILVA), which hosted the drilling site CFDDP; on the right
side, the stratigraphic sequence recovered in the well is shown. (Figures and composition by

Claudio Serio, photos by Alessandro Fedele)



