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Abstract The Campi Flegrei caldera (Italy) is an active volcanic system characterized by significant
long- and short-term ground deformation phenomena ranging the maxima values in the central sector
of the caldera, where La Starza marine terrace is located. A detailed study of the La Starza provided
crucial clues for understanding the resurgence of the central sector of the caldera following the 15-ka
Neapolitan Yellow Tuff eruption. The doming of the caldera floor, marked by two primary episodes of
uplift, began soon after the collapse of about 110 m following the eruption. The first doming (15–9.2 ka)
occurred as a response to loss of lithostatic loading producing magma influx, possibly regulated by
thermal magmatic convection and chaotic movement inside the magma reservoir under the caldera. The
calculated ~90 m of structural uplift is the persistent displacement correlated with magma volumes
intruded accompanying the contemporaneous volcanic activity. The second episode of uplift (5.5–3.8 ka)
produced a ground deformation pattern similar to that measured during recent unrest crises suggesting a
stable and shallow (~4-km deep) source of strain like a sill in an elastic half space. By this geometry and
inversion of surface deformation, the volume of intruded material was determined. Simply varying
pressure history as input, the time history of the surface deformation was reproduced by using spherical
source geometry with a concentric viscoelastic shell 8-km deep. The satisfactory comparison between the
two models is a useful indication for interpreting the current unrest phase at the Campi Flegrei caldera.

Plain Language Summary Caldera-forming eruptions may reflect either large magma bodies that
are ephemeral and develop only rarely or eruption of silicate melt that is relatively dispersed rather than
concentrated in a single magmatic mass. In the last 15 ka Campi Flegrei caldera produced a large eruption,
the Neapolitan Yellow Tuff 15,000 years ago, and many smaller eruptions. Contemporary Ground
deformation occurred ranging for hundreds of meters suggesting accumulation of large mass of magma at
shallow depth. The historical eruption of Monte Nuovo (1538) is the only one in the last 2,000 years, since the
Romans permanently occupied the area: a very poor performance if it is associated with the previous
sequences. In the last decades a slow lifting is affecting the area (which is going up since 15,000 years): a
natural warning has been launched and the community has been alerted.

1. Introduction

Resurgence phenomena are common inside active calderas (e.g., de Silva et al., 2015; Kennedy et al., 2012;
Lipman, 1984; Marsh, 1984; Smith & Bailey, 1968), and an ideal location for studying caldera resurgence is
the Campi Flegrei caldera (CFc). Although ground movements at CF have been well documented since
Roman times (Bellucci et al., 2006; Parascandola, 1947), the entity and timing of earlier episodes are less well
constrained (Cinque et al., 1985; Di Vito et al., 1999; Rosi & Sbrana, 1987). This paper presents new
stratigraphic data from the La Starza marine terrace, which allowed us to better constrain the oscillation of
the ground elevation relative to sea level and to quantify changes in uplift and subsidence that have occurred
since the 15-ka Neapolitan Yellow Tuff (NYT) eruption. Stratigraphic sections and boreholes located along the
fossil marine cliff and several tunnel excavation fronts were analyzed and sampled. Fifty-four fossiliferous
samples were used for detailed micropaleontological analyses, which enabled us to reconstruct the
paleoenvironment and the paleoecology of the La Starza deposits.

Our main goals is to assess the timescales associated with ground deformation episodes and to provide
temporal constraints on the vertical displacement of the central part of the caldera to define the
characteristics and mechanism of the resurgence, and its link with the eruption history. The comparison
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among the present elevation of the fossiliferous dated samples and the
reconstructed depositional positions allowed us to estimate their relative
vertical displacements.

The analyzed data show that the pattern of the deformation is complex
and is characterized by different phases of uplift and subsidence that led
to a mature resurgent process of the Campi Flegrei caldera. At the same
time the ground movements within the caldera seem repeated through
time and governed by mechanisms acting also during very recent unrest
crises. The outlined style of millennial postcaldera dome growth and the
obtained quantitative results can contribute to a better understanding of
the critical factors controlling the complex evolution of calderas.

2. Complex Pattern of Deformation at Campi
Flegrei Caldera

The history of the Campi Flegrei volcanic field has been characterized by
two large caldera-forming eruptions (Figure 1; e.g., Lirer et al., 1987; Orsi
et al., 1996; Vitale & Isaia, 2014), one of which was classified as a supererup-
tion (Campanian Ignimbrite—CI, 40 ka; Giaccio et al., 2017) that emitted
~300 km3 of magma (Costa et al., 2012; De Vivo et al., 2001; Giaccio et al.,
2008). The second large eruption, named the NYT eruption (15 ka; Deino
et al., 2004; Orsi et al., 1992), produced an estimated volume of 20 to
50 km3 (dense rock equivalent, DRE) of magma (Rittmann, 1950; Rosi &
Sbrana, 1987; Scandone et al., 1991; Scarpati et al., 1993; Wohletz et al.,
1995), including ~15 km3 of extracaldera deposits. The long-term deforma-
tion history of the CFc associated withmajor volcanism has been proposed
by Luongo et al. (1991) and Orsi et al. (1996). Luongo et al. (1991) focused
their attention on the evolution of the CFc following the 39 ka CI eruption,
which was the main volcanic event of the CF magmatic system. They
explained that intracaldera resurgence and the outside subsidence (e.g.,
the Campanian Plain) both occurred as a result of the detumescence pro-
cess possibly connected to the 39-ka CI eruption. At the same time, the cal-
dera collapse related to the NYT eruption was associated to the central,
maximum gradient of the Bouguer anomaly (Lirer et al., 1987; Scandone
et al., 1991). Orsi et al. (1996) supported the existence of two nested cal-
deras related to NYT and the CI eruptions. Two longer rest periods separate
the last 15 kyr into three main phases of intense eruptive activity, occur-
ring from 15–10.6, 9.6–9.2, and 5.5–3.8 ka, during which individual erup-
tions ranged in volume (DRE) from 0.01 to 1 km3 and originated from
predominantly monogenetic centers across the caldera (Figure 1a; Di

Vito et al., 1999; Smith et al., 2011). Important ground deformation episodes accompanied this volcanism
(Di Vito et al., 1999; Isaia et al., 2009; Rosi & Sbrana, 1987) and even occurred before the last eruption of
Monte Nuovo in 1538 (e.g., Di Vito et al., 2016; Guidoboni & Ciuccarelli, 2011). Recent and current unrest crises
at CFc have also produced ground movements of the caldera floor on the order of several meters (e.g.,
Berrino et al., 1984; Dvorak & Berrino, 1991; Lirer et al., 1987).

2.1. Variations in Uplift and Subsidence Since the NYT Eruption

The La Starza marine terrace is one of the most visible geological features in the partially submerged CFc. It
resulted from several different marine ingression episodes (Cinque et al., 1985; Giudicepietro, 1993; Orsi et al.,
1996; Rosi & Sbrana, 1987) and is presently delimited along the coastline by a fossil marine cliff (Figure 1b). In
this study, six different stratigraphic sections (STRA-STRF, Figure 2) located along the fossil marine cliff and
several tunnel excavation fronts were analyzed and sampled (Figure 1 for locations). Further information
about the stratigraphy of the study area was provided from six prospecting boreholes implemented for
the tunnel excavation, ranging between 20 and 60 m in depth (S9 and S11 in Figure 1b). The fossil content

Figure 1. Campi Flegrei caldera collapse areas: (a) CI caldera (black line):
modified by Vitale and Isaia (2014), Neapolitan Yellow Tuff caldera is mod-
eled based on gravity (continuous red line) and seismic (dashed red line)
anomalies (Battaglia et al., 2008; Scandone et al., 1991). Vent locations of the
eruptions that occurred during Epochs 1 and 2 (red circles) and 3 (yellow
circles) are also shown. Larger and blue circles indicate the locations of sites
(1–8) containing marine sediments formed between 4,500 and 4,400 years
ago. Contour levels every 40 m. (b) Map showing the rim of the La Starza
marine terrace (red line), locations of the studied sections (thicker blue line),
and tunnel excavation trace (blue line). Monte Nuovo (N), Serapis (Se),
Solfatara (So), Rione terra (RT), Mofete well (M), wells (S9 and S11), and
benchmark (25A).
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analysis was performed on 107 samples, of which 54 were fossiliferous. Only autochthonous fossil remains
were considered for detailed micropaleontological analyses, which enabled us to reconstruct the
environment and paleoecology of the La Starza deposits, including an estimation of the bathymetry. A
more detailed discussion of the methodology can be found in the supporting information (Aiello & Barra,
2010; Amore et al., 1988; Barbeito-Gonzalez, 1971; Bonaduce et al., 1976; Breman, 1976; Debenay, 2012;
Giudicepietro, 1993; Lambeck et al., 2011; Milker & Schmiedl, 2012; Müller, 1894; Reimer et al., 2013; Rosi &
Sbrana, 1987; Sen Gupta et al., 2009; Smith et al., 2011).

The present elevation and the reconstructed depositional environment of the analyzed fossiliferous samples
allowed us to estimate their relative vertical displacement (key points, Figure 2). This estimation has been
done by utilizing the predictive model for the Late Pleistocene and Holocene changes in relative sea level
along the Italian coast (e.g., Lambeck et al., 2004, 2011), which reveals that the central Tyrrhenian coast has
remained relatively stable since the Middle Pleistocene, using the position of the MIS5.5 horizon as a marker.
Any recorded variation in ground elevation relative to this marker horizon is taken to be indicative of vertical
tectonic movement. During the time interval recorded by the studied sequence, the sea level rose consis-
tently (Figure 3, bottom).

The sequence exposed in the La Starza sections, which has a maximum thickness of almost 30 m, records
both continental volcanic or palustrine/lacustrine sediments and marine deposits ranging from ~12 to
~4 ka (Figure 2). The base of the succession of the La Starza cliff comprises 3.5 m of sand with variable grain
sizes and pumice lenses deposited during the upper part of Epoch 1 in infralittoral zone and low pH water

Figure 2. Studied stratigraphic sections. Position and number (on the right of the sections) of the samples collected for the
paleontological analyses. Location of the sections is shown in Figure 1. Calibrated ages of volcanic deposits from
Smith et al. (2011). Radiocarbon ages (Giudicepietro, 1993; Rosi & Sbrana, 1987) were calibrated using the INTCAL13
procedure (Reimer et al., 2013). On the right: stratigraphy of the S9 and S11 wells.
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(P key point in Figure 3) underlying a 1-m-thick layer of rhythmically
laminated silt and fine sand deposited in marginal marine
paleoenvironment (A key point in Figure 3) corresponding to the
quiescent period (10.6–9.6 ka) between Epochs 1 and 2. It follows upward
a 2-m-thick layer of sands and pumice lenses and a 3-m-thick layer of
orange-brownish sediments of massive sands representing a regressive
trend culminating in an emersion (B key point) corresponding to upper
part of Epoch 2. The following layers represent the rest phase between
Epochs 2 and 3 and testify a deepening phase. The sequence records a
5-m-thick layers of massive and fine sands containing mollusk shells, gas-
tropods, and echinids finishing with a sharp surface and a 3-m-thick layer
that is rich in ostreid shells, Posidonia oceanica rizholites (mattes) and rare
vegetal fragments and plant frustules upwardly confined by a sharp ero-
sional surface corresponding to the beginning of Epoch 3 (C key point)
separating it from coarser pyroclastic deposits. Finally, this succession is
capped by a sequence along the La Starza cliff that is mainly composed
of volcanic deposits that have already been described by a series of differ-
ent authors (Cinque et al., 1985; Di Vito et al., 1999; Giudicepietro, 1993;
Isaia et al., 2009; Rosi & Sbrana, 1987). At well S9, La Starza sediments
overlie the Gauro tuff (Figure 2). At well S11, the lower part of the La
Starza succession has been recognized to be at an elevation of approxi-

mately 18 m below sea level. All of the available ages of both the volcanic and marine deposits are reported
as calibrated ages in Figures 2 and S1 (Reimer et al., 2013). Well-identified and dated stratigraphic levels have
been used as key points (O, O0, P, A, B, C, D, E’, and F0) to reconstruct the ground displacement of the La Starza
marine terrace (Table S1 and Figure 3). O0 is an inferred point representing the NYT deposit recognized within
the submerged part of the caldera (D’Argenio et al., 2004; Sacchi et al., 2014; see sections 3.2 and 4.2).

The O0-B sequence represents a ground uplift phase that occurred during contemporaneous sea level rise
and culminated in the emergence of the La Starza marine terrace. A close-to-sea-level environment prevailed
since approximately the age of the Pomici Principali (PP) eruption (~12 ka), which was when a continuous
marker package ~1-m thick of fine varved lacustrine deposits finally accumulated (A in Figure 3). With a sedi-
mentation rate of 1 mm/year, an approximately 1-m-thick package would require approximately 1 ka to set-
tle. An uplift of approximately 90 m occurred during Epochs 1 and 2, which were characterized by ~4 km3 of
erupted magma (DRE; Bevilacqua et al., 2017; Smith et al., 2011). Then, sediments containing microfossil
assemblages, which indicate the progressive deepening of water, recorded rapid subsidence. A marine trans-
gressive process developed, passing from a subaerial environment to a deep marine environment (B-C in
Figure 3).

An uplift of approximately 100 m occurred within ~2 kyr (C-E’ in Figure 3), including a short time inversion
occurred at approximately 4.5 ka (D in Figure 3) following the Agnano Monte Spina eruption (~1-km3 DRE).
This accounts for the presence of near-sea-level samples within the generally subaerial sequence of volcanic
deposits (Figure 2).

The vertical displacement of ~100 m (C-E’ in Figure 3) represents the recorded permanent deformation
coupled with the E3 period, during which ~2.6 km3 of magma volume (DRE) was erupted through vents
within the caldera (Smith et al., 2011, and references therein). The eruptive activity appears to have been
coupled with prevalent uplift, as subsidence occurs when there is no eruptive activity (Figure 3). Finally,
the E’-F0-G sequence represents the ground deformation occurring from Roman times to the first decades
of the fifteenth century, approximately a century before the 1538 AD eruption of Monte Nuovo, and the uplift
related to recent unrest crises (see section 2.2).

The vertical ground displacement recorded by the key points describes a general pattern of uplift with an
average vertical rate of vr = 7 mm/year (Figure 3), which is approximately 4 times larger in its absolute value
than the rate of subsidence (�2 mm/year) of the Campanian Plain during the Plio-Quaternary (Ippolito et al.,
1973). Figure 3 reports periods of volcanic activity (segments marked by Epochs 1, E2, and E3), which are
separated by periods of relative quiescence, according to Smith et al. (2011).

Figure 3. Ground displacement at the La Starza marine terrace (location
shown in Figure 1) over the last 15 kyr (data shown in Table S1) and
average uplift (straight line). The triangles represent the 15-ka Neapolitan
Yellow Tuff and two other large eruptions (~1-km3 dense rock equivalent):
the 12 ka Pomici Principali and 4.5 ka Agnano Monte Spina (calibrated ages
according to Smith et al., 2011). Epochs 1, E2, and E3 indicate periods of
eruptive activity at Campi Flegrei. Bottom: predicted sea level for Italian site 8
(41.256°N; 13.608°E) over the past 15,000 years (Lambeck et al., 2011).
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2.2. Elevation Changes From Roman Time

An exceptional record of ground deformation from Roman times appears in the Serapis, which is a Roman
market at Pozzuoli that was built in the second century BC (its location is shown in Figure 1). This site
(55 × 70 m2) was buried by 9 m of sediments. The excavation of the Roman market in 1750 (Breislak, 1792)
unearthed two superimposed floors, which are located about 2 m apart, and the famous three columns,
which are each 13-m high. Each of these represents a zone, located 3 m above the base and with a vertical
thickness of over 3 m, which is perforated by marine bivalves (Litodomus litophagus). The construction of
the two floors and the perforated columns suggests that Pozzuoli underwent episodes of subsidence and
uplift between Roman times and the sixteenth century (e.g., Babbage, 1847; Niccolini, 1845). Lyell (1872) went
further and suggested that uplift occurred when magma accumulated prior to its eruption and that
subsidence accompanied the cooling and contraction of subterranean lava (Poland et al., 2006).
Approximately 3-km northwest of Pozzuoli, coastal retreat and rapid uplift on the order of several meters
are recorded by contemporary accounts near the eruptive site of the historical eruption of Monte Nuovo
(location shown in Figure 1) during the 2 days before the beginning of the eruption. The eruption started
along the seabed on 29 September 1538 and progressively reached the summit of the bulge where the main
event occurred. The volcano-tectonic phase that culminated with the eruptive event, in which 0.003 km3 of
magma volume (DRE) was emitted (Di Vito et al., 1987), interrupted the secular trend of subsidence at the
beginning of the fifteenth century, when the maximum degree of submersion was probably reached
(Figure 4a; Bellucci et al., 2006; Di Vito et al., 2016) even if several, connected episodes of uplift and
subsidence probably occurred before the eruptive activity (Morhange et al., 1999; Todesco et al., 2014).
New data from excavations performed in the area along the Pozzuoli coastline (close to well S11 in
Figure 1) show that the Mt. Nuovo deposits cover humified marine sediments deposited above Roman ruins
at an elevation of approximately 7 m, which is coherent with the data at Serapis. Seismic crises that have
caused damage to houses and buildings have occurred since 1470; increases in gaseous emissions at
Solfatara have also damaged trees and crops. Five documents (privileges) issued between 1472 and 1521
by the Royal House granted tax exemptions to support the reconstruction of earthquake-damaged buildings
and to classify territories where the sea was drying up as state property (Guidoboni & Ciuccarelli, 2011).
Previous studies have assumed a cumulative uplift of 10–15 m (Figure 4b) to account for both the lower rates
of multidecadal uplift occurring throughout a larger area of the caldera and the uplift that occurred near the
eruptive site days before the eruption (Bellucci et al., 2006; Di Vito et al., 2016; Dvorak & Gasparini, 1991;
Dvorak & Mastrolorenzo, 1991; Guidoboni & Ciuccarelli, 2011; Parascandola, 1947).

Figure 4. Ground displacement at Campi Flegrei caldera. (a) Vertical elevation changes at Pozzuoli since roman time to XV
Century. (b) Vertical elevation changes of the marble floor of the Market of Pozzuoli (Serapis) since the XV Century
and (c) since 1968. Measurements of water depth at Serapis (1822–1838) and leveling surveys conducted between 1905
and 1968 (circles in b). Data are fromNiccolini (1845), Parascandola (1947), Bellucci et al. (2006), and Del Gaudio et al. (2010).

10.1029/2018JB015672Journal of Geophysical Research: Solid Earth

MARTURANO ET AL. 8184



Recently, Di Vito et al. (2016) estimated the surface deformation preceding
the Monte Nuovo eruption using the inversion of data inferred by geologi-
cal, historical, and archeological investigations performed near the vent
and along the coastline of the Gulf of Pozzuoli. They proposed a model
considering a ~100-yearlong period of uplift produced by three magma
sources at depth 3.9–5.5, 3.2–4.4, and <1 km. A reinterpretation of data
indicated a deeper prolate ellipsoidal source at 8- to 11-km depth, and a
shallower sill-like source ~3.5-km deep (Amoruso et al., 2017). The eruption
was followed by approximately four centuries of subsidence at a mean
rate of 14 mm/year, as recorded by eyewitnesses, measurements of water
depth at Serapis (1822–1838) and leveling surveys conducted between
1905 and 1968 (circles in Figure 4b; Bellucci et al., 2006; Del Gaudio et al.,
2010; Luongo et al., 1991; Niccolini, 1845; Parascandola, 1947).

Figure 4c plotted the vertical ground displacement that has occurred by
leveling since 1968 as recorded at benchmark 25A (Del Gaudio et al.,
2010) and at the RITE station of the NeVoCGPS network, which has oper-
ated since 2000 (De Martino et al., 2014).

2.3. Similarity of the Ground Deformation Pattern Since 5.5 Ka and
Recent Unrest

During the 1970s and 1980s major episodes of uplift (Figure 4c), the shape
of the deformation curve remained unchanged and nearly axisymmetric
(e.g., Berrino et al., 1984; Dvorak & Berrino, 1991; Lirer et al., 1987). This
symmetry has been highlighted since the 1905 leveling, both during per-

iods of uplift and subsidence, with the maximum vertical displacement recorded in Pozzuoli close to bench-
mark 25A of the leveling network (Figure 1 for location). The degree of vertical displacement (normalized to
the maximum value) for both the 1969–1972 and 1982–1984 uplifts and sites located close to sea level at
~4.5 ka (Figure 1 for location; Isaia et al., 2009) are reported in Figure 5. The similarity of the ground deforma-
tion pattern indicates that the magma source is nearly stationary and can account for most of the ground
deformation episodes that occurred over the last few thousand years. This mechanism prevailed throughout
all of Epoch 3, producing an uplift of ~100 m in ~2 kyr, likely related to a source of deformation located at a
shallow depth. The inversion of geodetic data using isotropic dilatation models, sills, and mixed mode dislo-
cations in both homogeneous and heterogeneous media indicates a source depth ranging from ~3 to ~5 km
for the major 1982–1984 ground uplift episode, which is compatible with a subhorizontal intrusion of 30–
60·106 m3 of volatile-rich magma with a density of 2,400–2,500 kg/m3 (e.g., Amoruso et al., 2008; Amoruso
et al., 2014; Berrino et al., 1984; De Natale & Pingue, 1993; Dvorak & Berrino, 1991; Trasatti et al., 2005,
2011; Woo & Kilburn, 2010). This magmatic origin is also confirmed by the occurrence of very recent uplift
(e.g., Amoruso et al., 2014; D’Auria et al., 2015; Trasatti et al., 2015). A depth of ~4 km is also consistent with
the source responsible for the surface deformation preceding the 1538 AD eruption (Amoruso et al., 2017;
Di Vito et al., 2016) and the series of discrete uplift pulses coupled to seismicity recorded during the recent
periods of unrest in the 1970s–1980s during which ground uplift and seismic crises appear to be similar to
the preparation phase that occurred prior to the 1538 eruption.

3. Magma Movements and Doming in the Last 15 Ka

During the last 15 ka the CF volcanic system experienced both eruptive activity and ground structural uplift
revealing a positive balance of magma volume in the storage reservoir. Here we crudely consider eruptions
remove magma from the system, while recharges add magma to system. The structural uplift recorded at CF
is the persistent displacement possibly correlated with magma volumes intruded and not erupted.

The main vertical discontinuities occurring at shallow and midcrustal depth supported by seismic tomogra-
phy (Figure 6a; De Natale et al., 2006; Zollo et al., 2008) occur at depth of ~4 and ~8 km and are consistent
with the architecture of magmatic plumbing system inferred by petrologic, geochemical, and seismic studies
(Figure 6b; Aster & Meyer, 1988; Caliro et al., 2014; D’Antonio, 2011; De Gori et al., 2001; De Siena et al., 2017,

Figure 5. Normalized elevation change (Δh) versus distance (R) from maxi-
mum Δh (Δhmax): (black line) September 1981 to January 1985 computed
elevation change (Dvorak & Berrino, 1991); (points) 1969–1972 experimental
data (Marturano, 1976); (squares) elevation change of samples close to sea
level ~ 4.5 ka (sites 1–8 in Figure 1; data in Table S2).

10.1029/2018JB015672Journal of Geophysical Research: Solid Earth

MARTURANO ET AL. 8185



2010; Di Renzo et al., 2011; Fedi et al., 1991; Nunziata, 2010; Pappalardo
et al., 2002; Piochi et al., 2014; Rapolla et al., 1989).

3.1. Magma Involved and Dome Growth From 5.5 to 3.8 Ka

The uplift rates measured within the caldera in the 1970s and 1980s, the
depth of the magma source feeding the eruption of 1538, the elevation
of sites located close to sea level at ~4.5 ka (Figure 5), and the new strati-
graphic constraints from the La Starza sequence suggest that a prevailing
mechanism of deformation operating at a shallow depth of ~4 km has
occurred since at least 5.5 ka. Here we examine the ground deformation
event of the last main doming, 5.5–3.8 ka, by considering that the inflating
source is repeatedly recharged by batches of magma from depth. During
the eruptive activity of Epoch 3, volumes of erupted magma ranging from
<0.01 to 1 km3 were distributed throughout 28 eruptions. In Table S3, the
stratigraphic sequences, time windows and erupted volumes of these
events are reported according to Bevilacqua et al. (2017). In Figure 7a,
the cumulative erupted volume during Epoch 3 is plotted as a function
of time by smoothing with a fifth-order polynomial (solid curve). The total
erupted volume (Ve) for Epoch 3, of 2.6 ± 0.5 km3 (Bevilacqua et al., 2017),
was erupted over a period of 1,747 ± 668 years, which reflects the com-
puted time interval between the Agnano 1 and Nisida eruptions.
Therefore, the mean output Qe = 0.0015 ± 0.0006 km3/year is close to
the critical value of Qe = 1 · 10�3 km3/year, which is considered to be a
thermal threshold for magma chamber formation (Hardee, 1982; White
et al., 2006). After a relatively slow start, the erupted volume rate begins
to increase, before decaying toward the end of the epoch. The eruption
of Agnano Monte Spina divides this epoch into two subepochs, which
are characterized by two different erupted volume rates. Approximately
110 m of ground structural uplift occurred during Epoch 3 (C-E’ in
Figure 3), in response to an intrusion of magma injected at a shallow
depth. It is assumed that this magma was transported from depth through
dykes, which changed their orientations to form sills, according to recent
studies performed using field observations, analogous experiments, and
stress analysis (e.g., Galland, 2012; Gudmundsson, 2012; Menand, 2011).
In natural systems, the horizontally propagating magma front of an
expanding sill can interact with ring faults or produce higher degrees of
stress in its host rocks, thus favoring dike intrusions (e.g., Gudmundsson,

Figure 6. (a) Velocity model (Vp and Vp/Vs, dashed line) modified by Zollo et al., 2008. (b) Schematic stratigraphic
succession and cross section of Campi Flegrei caldera (D’Antonio, 2011; Piochi et al., 2014); also shown are the magma
intruded at ~4 km (black solid) imagined by the elastic model and the spherical pressure source (PS) centered at 8 km,
surrounded by a viscoelastic shell (VE) according to the viscoelastic modeling.

Figure 7. (a) Cumulative volume erupted during Epoch 3 (5.5–3.8 ka) by
smoothing with a fifth-order polynomial (solid curve). (b) (left axis) Output
rate during Epoch 3; dashed line corresponds to the threshold
(Qe = 10�3 km3/year) for chamber formation (White et al., 2006). (right axis)
Magma flux; (dash-dotted line) magma flux required to form a large magma
chamber (Annen, 2009).
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2012; Macedonio et al., 2014). At CFc, the vents of Epoch 3, representing the surface projection of sill tips,
were rarely located in the area of maximum deformation within a radius of approximately 2 km around
Pozzuoli, whereas 60% of them occurred within a radius of 4 km (vent locations in Figure 1). Taking into
account the vents distribution, with respect to distance from the maximum deformation area, the source
of the strain able to generate the estimated surface deformation is assumed to have its greatest thickness
at the center and to extend horizontally for 8 km, which is approximately the size of the inner depression
(Figure 1). Three main horizontal overlapped sheets (4, 6, and 8 km wide) able to favor dike intrusion to
their periphery represent the source envelope (black filled in Figure 6b), located at a depth of 4 km
coincident with the main discontinuity occurring at shallow depth (Figure 6a). The surface deformation
and the volume change of the source were calculated by utilizing the dilatational sheet model of Okada
(1985, 1992) by a superposition of three finite tensile faults (L = 4, 6, and 8 km). At first we assume a
horizontal sill embedded in a homogeneous semielastic half-space with uniform opening and solve for
opening, having fixed width and depth of the sill. The structural uplift of 110 ± 20 m (C-E’ in Figure 3),
coupled with the E3 eruptive epoch, can account for the intrusion of approximately Vi = 7 ± 1 km3 of
magma. Ten percent of error on the source depth corresponds to less than 10 m of surface uplift. The
source reached a thickness of 240 ± 20 m (in 1,747 ± 668 years) at its center at an average accretion rate
of q = 0.14 ± 0.05 m/year. This value is several times larger than the value (q ≈ 0.03 m/year) needed to
accumulate an eruptible body of magma (Annen, 2009; Hanson & Glazner, 1995). Therefore, the results
obtained considering the structural uplift and the connected intruded volumes support the hypothesis
deduced from the output data. The source volume is equivalent to a horizontal oblate spheroid whose
equatorial radius is 4,000 m and the polar semiaxis is 112 m.

The total volume of magma involved was Vt = 16.6 ± 2.9 km3, which is calculated by considering the volumes
of magma that were intruded (Vi = 7 ± 1 km3), erupted (Ve = 2.6 ± 0.5 km3) and distributed below single
volcanoes (Vv ≈ 0.25 ± 0.05 km3 × 28 eruptions = 7 ± 1.4 km3). The last representing the system of near vertical
conduits connecting the reservoir to the surface producing horizontal ground deformation remained
undetected by the field survey able to estimate the vertical ground movement. The volume calculated (Vt)
is about 7 times larger (or 5 times excluding Vv) than the erupted volumes, signaling an average magmatic
flux (the total volume of magma involved divided by the total emplacement time 1,746 ± 668 yearlong)
of Qt = 0.010 ± 0.004 km3/year.

Values of the intrusive:extrusive volume ratio (I:E) are rarely published due to the paucity of data or to the
uncertainty of the relationship. Volume ratio up to I:E = 10:1 have been hypothesized relative to crustal
thickness (Shaw, 1980); estimates at calderas go from 10:1 at Long Valley to 3:1 at Yellowstone (Hildreth,
2004; Milker & Smith, 1999); a ratio of 5:1 can be viewed as common for most magmatic systems (White
et al., 2006). Figure 7b reports the time derivative of the graph shown in Figure 7a, which represents the
average output rate per year, and shows the output flux Qemax = 0.0032 km3/year left axis, and the magmatic
flux, Qmax = 0.022 km3/year right axis. The pulse in Figure 7b lasts about 2,000 years, and the maximum flux
rate is achieved in the first millennium feeding the Agnano Monte Spina eruption, which was the most
voluminous eruption of Epoch 3. The average magmatic flux estimated for Epoch 3 (~10�2 km3/year) is
similar to that required to form a large magma chamber (Annen, 2009; shown as dashed and dotted line in
Figure 7b). The I:E ratio and the uplift:subsidence ratio have possibly the same value of 5:1. The total structural
uplift of about 110m recorded on field during the volcanic Epoch 3 evidently reflects the summation of single
contributions related to single eruptive events having the same ratio. The residual ground deformation for
each eruption, that is, the difference between the uplift and the subsidence, constitutes the structural uplift
linked to the single eruption. The results regarding the magma movement during the volcanologic Epoch 3
are in Table 1.

Table 1
Volume of Magma Erupted (Ve) and Rate Qe

Epoch Ve (km
3) Qe (km

3/year)·10�3 Qt (km
3/year)·10�3 q (m/year)

1–2 (15–9.2 ka) 4.3 ± 0.8 0.73 ± 0.01 5 ± 1 0.024 ± 0.007
3 (5.5–3.8 ka) 2.6 ± 0.5 1.5 ± 0.6 11 ± 4 0.14 ± 0.05

Note. Magma flux (Qt) and sill accretion rate (q).
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3.2. Magma Involved and Ground Deformation From 15 to 5.5 Ka

The same procedure utilized for the Epoch 3 is proposed in this section
although the data set is less accurate. The output rate, the structural uplift,
and the parameters of the source able to generate the uplift during the
eruptive activities of Epochs 1 and 2 (15–9.2 ka) are estimated and
the magma involved calculated (Table 1). Both the mean output and the
mean flux (Table 1) suggest that during Epochs 1–2, a large persistent
magma chamber did not form, but the resident mush- mobile reservoir
instead remained in a critical state throughout the entire period, thus
allowing eruptions to tap smaller bodies of recently injected magma.
The remaining part of the section is dedicated to explaining the
results obtained.

During the eruptive activities of Epochs 1 and 2 (15–9.2 ka), which are
grouped together here (as Epochs 1–2), the volumes of erupted magma
range from <0.01 to 1 km3 and are distributed throughout 42 eruptions
(Table S3). The available age ranges span 17 eruptive events, three of
which (Gauro, Bacoli, and Porto Miseno) are affected by much larger age
ranges than the constraints indicated from the stratigraphic sequence.
The undated eruptions (Table S3) are uniformly distributed between two
dated events, within stratigraphic order.

In Figure 8a, the cumulative erupted volume is plotted as a function of
Epochs 1–2 times length. The total erupted volume Ve = 4.3 ± 0.8 km3

was emitted in 5,800 ± 172 years, which was computed up to the
San Martino eruption. Therefore, the mean output is Qe = 7.3 ± 0.1 ·
10�4 km3/year, which is below the threshold value for chamber formation
of Qe = 10�3 km3/year (White et al., 2006). The critical threshold was likely
only exceeded for the PP eruption, which divides two subepochs charac-
terized by different erupted volume rates. However, it is evident that the
output and the distance of the vents from the center of the caldera both
increased until halfway, when the PP event occurred (~12 ka; Figures 8a–
8c). We assume that the vents represent the surface projection of sill tips.
The vents of this period are rare in the area of maximum deformation,
which occurs within a radius of approximately 3 km around Pozzuoli and
are set to 90% over 4 km (Figure 8c) indicating a central lower and a per-
ipheral greater volcanic activity relative to the following Epoch 3 (Di Vito
et al., 1999). By considering the distribution of the vents, and that the path
of the erupting magma mainly moves through the edges of elongate
horizontal sheets, as assumed for the Epoch 3, the source of the strain able
to generate the estimated surface deformation is assumed to be the
envelope of two horizontal sheets 6- and 8-km wide, embedded in an
elastic semispace, favoring dike intrusion to their periphery. The surface
deformation Δh, and the volume change ΔV, of the source were
calculated by utilizing the dilatational sheet model of Okada (1985,
1992). The two superimposed tensile faults (L = 6 and 8 km) are set at a
depth of 4 km, and the structural uplift of 74 ± 30 m (O0-B in Figure 3)
during Epochs 1–2 can account for an intrusion of Vi (volume of the tensile

faults) = 7 ± 2.5 km3 of magma and of a central thickness of the source envelope of 140 ± 40 m
(q = 0,024 ± 0,007 m/year; Δt = 5800 ± 172 years), which if added to that calculated for Epoch 3 represents
~6% of the source depth.

Therefore, this episode of inflation producing a structural uplift of about 74 m can be associated with
an upward migration of 7 ± 2.5 km3 (Vi) of magma stored in a shallow reservoir at a depth of ~4 km,
of 4.3 ± 0.8 km3 (Ve) of material erupted during the same period and of 10.5 ± 2.6 km3

Figure 8. (a) Cumulative volume erupted during Epochs 1–2 (15–9.2 ka).
Straight lines show the different average output rate before and after the
Pomici Principali eruption (PP). (b) Volumes erupted by single volcanoes.
(c) Distance of the vents from the center of the caldera.
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(Vv = 0.25 ± 0.05 km3 assigned to each volcano × 42 eruptions), for a
total of Vt = 22 ± 6 km3 corresponding to a mean flow
of Qt ≈ 5 ± 1 · 10�3 km3/year.

4. Viscoelastic Behavior

The two surface uplifts that occurred from 15 to 9.2 ka and from 5.5 to
3.8 ka have been previously associated to volume change of a horizontal
sill embedded in a homogeneous semielastic half-space. However, the
high temperatures near the magma body tend to create a region where
the crust behaves more like a viscoelastic material, and because assump-
tion about the crust rheology can have significant impact on inferred

source properties and ground deformation history, we utilize a model of magmatic source embedded in
media that differ from the traditional elastic half-space.

Therefore, the crustal deformation pattern is explained by viscoelastic model by considering that the two
main periods of inflation follow two very different scenarios. The last one (5.5 to 3.8 ka) follows a period of
subsidence and low volcanic activity; the oldest (15 to 9.2 ka) comes after an infrequent very large eruption
and speculative assumptions were necessary to reconstruct the deformation related to the period immedi-
ately following the eruption. The magmatic source is constrained to be a simple, stationary sphere, and
the rheological properties are constrained by the eruptive history.

4.1. Time-Varying Ground Deformation From 5.5 to 3.8 Ka

We consider that the amount of uplift during Epoch 3 is dominated by the volume change in the reservoir
and the uplift rate by the host rock viscosity time scale.

In an expanding magma chamber, the chamber volume (Vc), magma supply rate (Q), and rheological proper-
ties of wall rocks determine the frequency of eruptions and the degree of ground deformation. The time
scales needed to pressurize a magma chamber of volume Vc by magma flux Q in the elastic and viscous
regimes, respectively, are described as follows (Jellinek and De Paolo (2003):

τe ¼ 3 ΔP Vc=2 Q E (1)

τv ¼ ηw=E (2)

in which ΔP is the chamber overpressure, ηw is the viscosity, and E is the elastic modulus of the wall rock. By
using the data in Table 2 and for ΔP = 10 and 20 MPa, the time scale to pressurize the magma chamber are
τe = 24 ± 3 years and τe = 49 ± 4 years, respectively, and the viscosity results ηw = 1 ± 0.4 · 1019 Pa s with τe = τv.
A value of ηw = 2.3 ± 0.5 · 1019 Pa s would result by utilizing the mean interval between eruptions
te = 58 ± 50 years calculated for Epoch 3 (data in Table S3) without to consider the large error. The volume
Vc = 245 ± 70 km3 of the spherical magma chamber is about 5 times the mean volume of the products
emitted by the NYT eruption, that is, 20 to 50 km3 DRE (Rittmann, 1950; Rosi & Sbrana, 1987; Scandone
et al., 1991; Scarpati et al., 1993; Wohletz et al., 1995). The radius of the chamber (r = 3.8 ± 0.4 km) is approxi-
mately equal to the radius of the caldera and to the distance from the two main deep discontinuities
(Figure 6b). The average flux is Q = 0.011 km3/year (Table 1) and the value of the elastic modulus is
E = 12.5 GPa. The values of Vc, ηw, and E will be utilized for the viscoelastic model. For these values tempera-
tures of approximately 400–500 °C are expected in wall rocks with a power law rheology (e.g., Jellinek & De
Paolo, 2003; Kirby & Kronenberg, 1987). The values of the resulting temperatures are significantly higher than
those calculated using the regional thermal gradient of 30 °C/km (Della Vedova et al., 1991) but are consistent
with those measured in drilling wells, which indicate maximum temperatures of approximately 400 °C at a
depth of 3 km (Di Maio et al., 2015; Rosi & Sbrana, 1987).

Viscous behavior becomes significant for large volumes of heated rock around the reservoir and large
thicknesses of partially crystallized magma hosting the active part of the reservoir. Ductile deformation is
dependent on temperature and rock type (e.g., Kirby & Kronenberg, 1987); at temperatures of >300 °C,
strain-rate-dependent nonlinear dislocation creep is dominant.

Table 2
Constant Parameters Utilized in the Viscoelastic Model

Parameter Symbol Unit Value

Chamber volume Vc km3 245 ± 70
Radius of the chamber R1 km 3.8 ± 4
Magma and crust density ρ kg/m3 2,400
Young’s modulus E GPa 12.5
Rigidity G GPa 5
Poisson’s ratio υ 0.25
Overpressure ΔP MPa 10–20
Magma flux Q km3/year 0.011
Viscosity η Pa·s 1 ± 0.4·1019
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The high magma flux evaluated for the Epoch 3, the storage of large
volumes of magma resident as mush mobile at shallow depth, the magma
chamber volume, and the effective viscosity of the wall rocks above
calculated suggested a simple earth model in which two layers constitute
the upper crust and the source region is surrounded by a layer with viscous
properties (Figure 6b). We assumed a simple (spherical and axisymmetric)
source geometry and utilized the model of Dragoni and Magnanensi
(1989) modified by Newman et al. (2001) to represent the temporal
complexity of the surface deformation history occurring since 5.5 ka
(Figure 9). The time history of the surface deformation was reproduced
simply varying pressure as input and utilizing the parameters in Table 2.
A trapezoidal source pressure shown in the inset of Figure 9 was used,
and variable shell thickness (s) from 0 to 4 km was tested. The maximum
pressure (ΔPmax) decreases by setting the thickness from s = 0 to
s = 4 km, and the average value for the single eruption ΔP = ΔPmax/28
eruptions of the Epoch 3 ranges from 15 to 11 MPa from s = 1 to
s = 1.5 km, respectively. The relaxation time τ follows the equation
(Dragoni & Magnanensi, 1989):

τ ¼ 9 ηw=5 Gð Þ R1=R2ð Þ3 (3)

The modeled uplift reaches ~110 m and the volume change (ΔV = ΔP π R1
3/3) reaches a value of ~15 km3,

which is close to the permanent volume growth of the resurgent dome via magma addition
(Vt = 16.6 ± 2.9 km3, see section 3.1) and is supported by a cumulative pressure increment (Figure 9 inset)
approaching 370 MPa at t1 = 7 τ = 1,500 years (τ = 225 years, t2 = 15τ), when the state of a permanent
eruptible magma body and the maximum output have been reached (Figures 7 and 9 inset). By increasing
the rigidity, pressure proportionally higher is attained for fitting the deformation. The assumed value of E
is lower than that calculated for the shallower depth of 4 km (E ≈ 30 GPa) using the average values of seismic
velocity (Vp = 3.5 km/s) and density (ρ = 2,400 kg/m3) indicated by the results of seismic and gravimetric
studies performed at CF (Berrino et al., 1984; Cubellis et al., 1995; De Natale et al., 2006; Zollo et al., 2008),
but consistent with values of dynamic shear modulus of boreholes samples of 10.9 GPa reached at depth
of 2,860 m (Heap et al., 2014). Significant variations in the elastic parameters have been detected during dif-
ferent volcanic cycles (e.g., Koulakov et al., 2013; Patanè et al., 2006). Values of low effective rigidity, which are
as much as an order of magnitude lower than the seismic modulus, are taken into account for heatedmaterial
surrounding a long-lived magma source, according to laboratory experiments (e.g., Bonaccorso et al., 2005;
Cayol & Cornet, 1998; Foroozan et al., 2011; Galgana et al., 2014; Newman et al., 2006; Smith et al., 2009). In
particular, a value of G = 5 GPa was typically assumed for shallow rocks at the Campi Flegrei and Long
Valley calderas (e.g., Bonafede et al., 1986; De Natale et al., 1991; Newman et al., 2001) and finally, lower values
are suggested by experimental laboratory studies on NYT and CI pyroclastic deposits of the Campi Flegrei
caldera (Heap et al., 2014). Extrapolation from the experimental data using temperature-stress power laws
predicts viscosity values ranging from η = 1016 to 1022 Pa s for crustal stress levels (e.g., Burov, 2011). The
values of viscosity ηw = 1019 Pa s and temperature T = 400–500 °C fall within the ranges
ηw = 1017–1022 Pa s and T = 200–600 °C for magma chamber wall rocks at a depth of 4 km that have been
proposed in the literature (e.g., Jellinek & De Paolo, 2003, and references therein).

4.2. Time-Varying Ground Deformation From 15 to 5.5 Ka

The large NYT eruption and the following sizable reduction in pressure within the magma chamber marked
the beginning of the Epoch 1. The top of the NYT records an erosional subaerial surface underlying sediments
deposited at a water depth of 30–50 m (Amore et al., 1988; D’Argenio et al., 2004), suggesting that a
continental environment lasted for some time prior to the marine ingression, which implies for the sediments
a depth of �40 ± 10 m at the time of the maximum submersion. This maximum depth is reached at 12 ka,
when the sea level was at�75 m above sea level (asl), fixing the key point O0 at�115 ± 10m asl. The pressure
decrease (ΔP) due to the magma withdrawal can be estimated by considering the viscoelastic model before
utilized and the parameters in Table 2 by setting the thickness of the viscoelastic shell s = 1.5 km, the volume

Figure 9. Ground deformation at Campi Flegrei caldera following the
Neapolitan Yellow Tuff eruption; doming and subsequent deflation from
5.5 ka. Solid line: deformation predicted by analytical model of Dragoni and
Magnanensi (1989) modified by Newman et al. (2001, 2006) (R1 = 3.8 km;
R2 = 5.3 km; η = 1019 Pa s). Inset: trapezoidal pressure history (t1 = 7τ; t2 = 15τ,
t3 = 90τ). Cumulative erupted volume (triangles) refers to left axis. Symbols as
in Figure 3.
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of the magma discharged (Ve), and the volume of the magma chamber
(Vc = 5 Ve with radius R1). Ve ranging from 20 to 50 km3 (Deino et al.,
2004; Orsi et al., 1992; Rittmann, 1950; Rosi & Sbrana, 1987; Scandone
et al., 1991; Scarpati et al., 1993; Wohletz et al., 1995). For
R1 = 3.8 ± 0.4 km, the pressure decrease and the absolute subsidence
result ΔP = 315 ± 5 MPa and Δh = 114 ± 22 m, respectively. The top of
the NYT emerged for some time (h = 96 ± 22 asl at 15 ka) and then sank
to about �40 m (�115 m asl) in marine environment after the eruption
(key points O- O0). Figure 10 reported the relative displacements Δh and
the uplift (O0-B) of about 74 m following the subsidence. The pressure
history, including the pressure decrease occurred during the deflation
and the trapezoidal source pressure utilized for the doming, is reported
in the inset. It remains unclear when the collapse/subsidence ends and
the resurgence began. It likely occurred between soon after the NYT
eruption and the increase of the magma flux that preceded the PP
eruption (~12 ka; ~1 km3 of output). The date of the 0.5 km3 Gauro event
(14.3 ± .9 ka) could be a valid candidate, but the large uncertainty with
which it is associated does not solve the problem. Therefore, we assume
that the start of the resurgence occurred at approximately 13 ka, and close
to the increasing magma flux preceding the PP eruption, so fixing also
temporally the key point O0 (Figure 10). Following Kennedy et al. (2012)
the doming can occur as a response to the loss of lithostatic load relative
to the extracaldera products. The extracaldera products are recognized

amounting at 15 km3 DRE by all the studies that valued the total erupted volume of the NYT eruption. By uti-
lizing the viscoelastic model and the same parameters as calculated above, the O0-B uplift (Δhd = 74 ± 30 m)
results associated to pressure (ΔPd = 217 ± 114 MPa) and volume (ΔVd = 22 ± 9 km3) change (Figure 10) con-
firming, within the error, the hypothesis:

ΔVd 22±9 km3� � ¼ ΔVex 15 km3� �

The most likely causes of resurgence doming seem to be regional detumescence and magmatic pressure,
due to magma vesiculation triggered by the reduction in pressure following a large eruption (Marsh, 1984;

Smith & Bailey, 1968). The intrusion of remnant magma into shallower
levels and/or new magma flux recharging the system represent preferred
potential candidates, as suggested by recent studies at resurgent calderas
such as Toba (de Silva et al., 2015), Valles, and Lake City (Kennedy et al.,
2012). The time of resurgence, the volume erupted, and, principally, the
structural uplift accumulated during the Epochs 1–2 at CF accord with
reduction in pressure and intrusion of remnant magma hypothesis.

The remaining uncertainties regard the competing contributions of detu-
mescence and magmatic processes to this resurgence. Numerical investi-
gations regarding passive relaxation processes (Chery et al., 1991) have
indicated that the contribution of detumescence to the resurgence rate
and uplift is about an order of magnitude lower than the average value
of 3 cm/year that we determined for the uplift period occurring between
12 and 9 ka. Therefore, detumescence was not the primary mechanism
of resurgence; it is likely instead magma influx possibly regulated by ther-
mal magmatic convection and chaotic movement inside themagma reser-
voir under the caldera as discussed by Cubellis et al. (2002). It follows that
the main period of posteruptive rebalance likely occurred within the first
~6 kyr following the eruption. The subsidence of about 60 m following
the resurgence was produced by the source depressurization of
about �120 MPa.

Figure 10. Resurgence at Campi Flegrei caldera following the Neapolitan
Yellow Tuff eruption. Deformation predicted by viscoelastic model:
R1 = 3.8 ± 0.4 km, R2 = 5.3 ± 0.4 km, η = 1019 Pa s including initial deflation
(O-O0) ΔP = 315 ± 5, doming (O0-B) ΔP = 217 ± 114 MPa, and subsequent
subsidence (B-C) ΔP = 111 MPa (left axis). Cumulative volume erupted (age
ranges of events nonreported) during Epochs 1–2 (15–9.2 ka; right axis).
Inset: pressure history.

Figure 11. Time-dependent vertical movement of the La Starza stratigraphic
sequence. The key points O, O0, P, A, B, C, D, E0 , and F0 (circles) mark paleo-
depths (depth of sedimentation) relative to the contemporary sea level (blue
curve). The same figure also reports the path of the deformation for the O
(top of Neapolitan Yellow Tuff) and C key points (curves). O key point (the top
of the Neapolitan Yellow Tuff) is set ~75 m above the paleo sea level when
the collapse of the caldera block started ~15 ka, sinking up (�120 m asl). Sea
level curve (blue solid line) and error (blue dashed lines). On the right the
stratigraphic sequence detected to the Starza terrace (key points).
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5. Discussion and Conclusions

The time series for the last 15 ka obtained for the La Starza stratigraphic sequence is plotted in Figure 11, in
which the key points O, O0, P, A, B, C, D, E’, and F0 (circles) mark paleodepths (depth of sedimentation) relative
to the contemporary sea level (blue curve). The same figure also reports the path of the deformation for the O
(top of NYT) and C key points (curves). The top of the NYT is set ~75 m above when the collapse of the caldera
block started approximately 15 ka, sinking up (�120 m asl). Resurgence occurs as a response to the loss of
lithostatic load, which, in our case, likely approaches the load of extracaldera products of the NYT eruption,
providing magma ascension to form shallow sills and or erupt together. The volcanic eruptive activity and
the contemporaneous uplift suggest that the primary mechanism of resurgence was likely remnant magma
influx possibly regulated by thermal magmatic convection and chaotic movement inside the magma
reservoir under the caldera. It follows that the main period of posteruptive rebalance likely occurred within
the first ~7 kyr following the eruption covering the entire volcanic Epochs 1 and 2. The Epoch 3 coincides with
the most recent dome growth, which was produced by volumes of intruded magma ~7 times larger than the
erupted volume, while the contribution to the vertical ground deformation was close to 5:1. The data used for
the analysis are located only at the center of the caldera, and this is a limitation that does not discriminate
between alternative styles. The permanent wide shallow depth source is justified by the distribution of the
surface vents and by the need to evaluate the structural lifting of the caldera, thus also considering the
contribution of marginal centers.

After the 5.5–3.8 ka phase of surface doming, a long-standing period of volcanic rest is associated with the
subsidence of the crust, lasting up to the Classic Age with a mean subsidence rate (~14 mm/year) that is 7
times higher than the volcano-tectonic subsidence rate (�2 mm/year; Ippolito et al., 1973; Luongo et al.,
1991) as well as that recorded following the 1538 eruption (Figure 4).

Subsidence also follows the first main uplift phase of the caldera (15–9.2 ka; Figure 3). Therefore, over the last
15 ka, the magma supply from depth (i.e., the lower crust) was not continuous but was instead characterized
by discrete pulses.

Magma intrusion episodes at CFc could account for the permanent volume growth of a dome that is several
tens of meters high. The uplift rate of the last large doming phase (5.5–3.8 ka) was lower (~60 mm/year) than
those of the recent episodes of major unrest in 1968–1972 and 1981–1984 (>200 mm/year). Faster uplift epi-
sodes alternating with slower ones or periods of subsidence can produce lower long-term uplift rates. The
secular subsidence trend occurring approximately 4 ka was probably interrupted by shorter-term episodes
of uplift and subsidence (e.g., Morhange et al., 1999; Todesco et al., 2014), as it was notably interrupted for
approximately 100 years prior to the 1538 AD Monte Nuovo eruption and has been interrupted since the
1960s (Figure 4). A renewed cycle of long doming growth (tumescence) is possibly ongoing (since the XV
Century); the occurrence of new unrest crises confirms the accumulation of new magma at shallow depth.

Different phases of uplift and subsidence have been reconstructed: ground uplift accompanied periods of
intense volcanism, while subsidence accompanied periods of unrecorded or weak volcanism. Processes
wholly involving the crust underneath the caldera drove the inflation following the 15-ka NYT eruption at
Campi Flegrei. The rheology of the crust determined the response times of the inflating and deflating sources
controlling the complex surface deformation patterns. The utilized model analyzed the long-term ground
surface deformation of a large magmatic system by assuming a stable spherical source with concentric shell
around the magma reservoir embedded within homogeneous elastic half-space. The homogeneity assump-
tion is a simplification that can be overcome by introducing an external heterogeneous elastic medium and
considering the thermal regime of the crust and the composition of both the intruding magma and country
rock. However, by utilizing our simple model, it was possible to (i) investigate the temporal evolution of the
deformation instead of deducing an average rate from single data points; (ii) identify two main periods of
uplift, providing real constraints on long-term uplift rates; and (iii) estimate the changes in magma flux during
magmatic pulses over several thousand years and evaluate the accumulation of eruptible magma. In particu-
lar, deriving data from the eruptive history, it was possible to identify a unique combination of volume
change and rheological properties that explain the deformation history data successfully.

Finally, numerical models of pluton growth by the accretion of discrete sills indicate that the accumulation of
several hundreds to thousands of cubic kilometers of eruptible magma needed to feed the largest explosive
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eruptions require sill accretion rates of at least a few 10�2 m/year and fluxes of several 10�2 km3/year, corre-
sponding to periods of the highest fluxes estimated inmagmatic systems. The accumulation of large volumes
of magma may be possible when the crust is hot enough to respond viscously to deformation (e.g., Annen,
2009; Jellinek & De Paolo, 2003; Karlstrom et al., 2010). The two major eruptions that occurred over the last
40 ka at CFc involved volumes of tens and hundreds of cubic kilomters of magma (DRE; e.g., 20–50 km3 for
the NYT eruption and ~300 km3 for the CI eruption). During Epoch 3, the viscoelastic response of the crust
was induced by magma fluxes on the order of Q = 10�2 km3/year and an eruption of 1 km3 occurred.
Assuming the same magma flux and preheated crust, the accumulation times of eruptible magma required
to feed the NYT and CI eruptions can be valued on the order of 2–4 ka and ~33 ka, respectively, considering
an intrusive/extrusive volume ratio of I/E ≈ 7 and implicating that ductile shell generated around magma
reservoir prevents/reduces dike initiation allowing the reservoir to grow.

The basic model utilized at CFc involves a supply of magma from a midcrustal source rising to a shallow sto-
rage reservoir, where it accumulates and moves toward the surface, resulting in intrusions and eruptions. In
this framework, the rate of magma supplied to the volcano is balanced by the rate of magma stored in the
subsurface in addition to that erupted on the surface. Reasonable values of G and η (e.g., Bonafede et al.,
1986; De Natale et al., 1991; Jellinek & De Paolo, 2003; Newman et al., 2001) have been utilized in this model-
ing. However, given that the magnitude of inflation and deflation events can result from the intrinsic proper-
ties of the crust, experimental constraints on crustal rheology can greatly improve the analysis of
contemporary activity and the prediction of future events.

The rate at which magma is supplied to the volcano has been estimated by both the ground deformation and
eruption rate determined from the volumes of intruded and erupted products. These results demonstrate
that at CFc, there are connections between the supply, storage, and eruption of magma, thus indicating
the overall importance of magma supply as a key parameter for the assessment of volcanic hazards.
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