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Abstract We find that the double-difference relocated seismicity, which occurred over the last 30 years
at Campi Flegrei, was triggered by the uprising of fluids preferentially concentrated along onshore and
offshore NW striking preexisting caldera faults. Focal volumes of the 2005–2014 seismicity do not overlap
that of the 1982–1984 period, when a major uplift of 1.8 m occurred in the central sector of the caldera. This
indicates a transition from an elastic to a plastic behavior due to fluid saturation and heating of the rocks
in the hydrothermal reservoir. The 2012–2014 deeper earthquakes are located in a low VP∕VS zone at the
western boundary of the hydrothermal reservoir, where a volume increase from a magmatic body at 3.5 km
depth has been recognized. The progressive rheological change from elastic to plastic in the upper 4 km of
the crust implies that a slow upward migration of magma may not necessarily be preceded by earthquakes
or swarms.

1. Introduction

Due to the large population (∼3 million) in the Campanian area, Southern Italy, geophysical studies are crucial
in order to accurately assess the seismic and volcanic hazard. In this study, for the first time the seismicity that
occurred in the last 30 years in Campi Flegrei (CF) is relocated using a double-difference technique (HypoDD)
[Waldhauser and Ellsworth, 2000], and its distribution in time and space is shown. We then give a new compre-
hensive interpretation of the seismicity in terms of hydrothermal processes and faulting, drawing attention to
the importance of preexisting tectonic features at regional scale. In this framework, seismic activity as a pos-
sible precursor of volcanic eruptions is also discussed, along with the interpretation of the results in light of
recent attenuation tomography and the most relevant geophysical studies in the area.

The CF region is located in the Campanian plain, which is a NW trending Plio-Quaternary extensional basin
bordered by carbonate platforms. CF, along with the islands of Ischia and Procida, form a NE trending volcanic
system, which with Vesuvio to the east, represents the active volcanic belt associated with Quaternary exten-
sion [Bruno et al., 2003]. Volcanism and hydrothermal activity have been widespread in the CF caldera over
the last thousand years [Lima et al., 2009]. The CF volcanic area consists of two nested calderas, which formed
after the Campanian Ignimbrite (37 ka) and the Neapolitan Yellow Tuff eruptions (NYT, 12 ka) [Rosi et al., 1996]
(Figure 1). The NW-SE striking fractures predominate in the last 4.5 ka during resurgence phases, while the
NE-SW and N-S faults mainly affect the deposits of the last ∼37 ka [Acocella, 2010] (red segments in Figure 1).
At least 70 eruptions have occurred in the last 15 ka within NYT caldera, with the last one forming the Monte
Nuovo cone in 1538 A.D. [Isaia et al., 2009]. In the last 4 ka, 14 of the 16 eruptions occurred in the central and
eastern sectors of NYT caldera [Isaia et al., 2009].

The CF central sector is characterized by ground deformations centered in the town of Pozzuoli with a cumu-
lative uplift of about 100 m in the last 10 ka. The last relevant ground uplift of 1.8 m at Pozzuoli [Orsi et al.,
1999] was observed in 1982–1984, when more than 15,000 earthquakes with magnitude ML ≤ 4.2 occurred
[Aster and Meyer, 1988]. When the seismicity dropped in January 1985, the subsidence started and reached
40 cm in July 1987 [Orsi et al., 1999]. In June 1989, an uplift of 7.5 cm occurred and was followed by subsidence
until May 1994, when ∼1 cm uplift was recorded, after which subsidence took place again [Orsi et al., 1999].
Between 1985 and 2004, about 100 microevents (M < 1) are reported, a few of them with M = 1.2 recorded in
2000 (http://sismolab.ov.ingv.it/sismo). Since 2005, low-magnitude seismicity (M < 1.5) consisted of periods
of intense activity (up to 150 earthquakes per month, in 2007 and 2009), which corresponded to miniuplift
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Figure 1. Simplified structural map of the Campi Flegrei area modified after Vilardo et al. [2010]. The dashed blue line
indicates La Starza terrace. Locations of eruptive fractures (in green) younger than the NYT eruption are from Acocella
[2010]. The seismic stations are also shown in black, green, and blue symbols. The dashed black square indicates the
study area, which is shown in more detail in Figure 2.

phases (∼18 cm between 2005 and 2014 at Pozzuoli-Rione Terra, http://www.ov.ingv.it/ov/en/campi-flegrei/)
and were separated by aseismic periods.

Geochemical data [Chiodini et al., 2013] confirm that the time interval 1985–2000 was characterized by a pro-
gressive decrease in magmatic fluids entering the hydrothermal system. The 1989 miniuplift was followed by
∼15 years of subsidence, after which a general uplift trend was observed, likely indicating that the hydrother-
mal system underwent repeated injections of magmatic fluids, associated with an increase in the number of
earthquakes [Chiodini et al., 2013]. The CO2/H2O ratio increased between 2000 and 2010, when the seismicity
was partly characterized by long-period and volcano-tectonic earthquakes at shallow depths (≤3 km), caused
by hydraulic fracturing and oscillations within the hydrothermal reservoir [Cusano et al., 2008].

The migration of magmatic or hydrothermal fluids as a triggering factor for the 1982–1984 unrest episode is
still debated, as well as the structural pattern that favored degassing and deformation of the central sector
of the caldera [Vitale and Isaia, 2014, and references therein]. To explain ground deformation at CF, several
models have been proposed that can be grouped into three main categories: magma intrudes from a reservoir
at 8–15 km depth to shallower (3–4 km) depths [i.e., Bellucci et al., 2006], unrest is a result of heating and
expansion of fluids [i.e., Todesco et al., 2014], and unrest is the result of fluid-dynamic processes in the shallow
hydrothermal system [i.e., De Natale et al., 2001].

Low VP∕VS anomaly and high P wave and S wave attenuation have been found in the uppermost 2–3 km of
the crust in the area of maximum uplift by Battaglia et al. [2008] and De Siena et al. [2010], respectively. In
particular, a roughly 2 km wide low VP∕VS anomaly, related to a gas-rich rock pocket, has been detected at
about 3 km depth below Pozzuoli, suggesting the presence of magmatic gases [Battaglia et al., 2008].

Here we provide a general overview of the temporal and spatial evolution of the relocated 1982–2014
seismicity and discuss its implications for hazard.

2. Data

We used the data recorded by the seismic stations maintained by Osservatorio Vesuviano (after 2001 Istituto
Nazionale di Geofisica e Vulcanologia, Osservatorio Vesuviano) to relocate the seismicity associated with CF.
The station number and parameters have changed with time, including the fact that some of the stations have
become digital or some that were one component are now equipped with three component seismometers.
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Figure 2. Relocated seismicity: 1982 in yellow, 1983 in red, 1984 in black, 2005−2011 in green, and 2012−2014 in blue.
The dashed blue line indicates La Starza terrace. White dashed lines are the profile locations shown in Figure 3. Some of
profiles extend outside the map region.

In order to better interpret the evolution of the seismicity, we separate the events from 1982 to 1984 according
to the year of occurrence. Five data sets (1982, 1983, 1984, 2005–2011, and 2012–2014) were relocated. The
maximum duration magnitude Md of the events is 4 for the 1984 group, 2.8 for 2005, and 1.5 for the time
period 2011–2014. In this study, we excluded about 100 low-magnitude (<1.2) events, which occurred in
the time period 1985–1999, because their relatively small number would not have provided any additional
information (some of them were also recorded at only two stations). In particular, the 1985–1997 earthquakes
mainly occurred beneath the Solfatara area at depths <2.5 km [Orsi et al., 1999]. In the same area, in 2000,
two main swarms occurred, at depths <4 km and with a maximum ML = 2.2: the first one consisted of about
10 events, which occurred in July at the border of the Solfatara crater and offshore, and showed a significant
low frequency content, while the second group occurred in August beneath Solfatara and was characterized
by ∼30 events [Saccorotti et al., 2001].

We first find locations for each data set using a 1-D P wave velocity model modified after Vanorio et al. [2005]
(Table S1 in the supporting information) and the HYPOINVERSE code [Klein, 2000]. We then apply HypoDD,
in which first the traveltime differences for event pairs at common stations are determined from the analysis
of the catalog data; then the computed differential traveltime data are used to calculate double-difference
hypocentral locations. The HypoDD method collects events into clusters of well-linked earthquakes (defined
as events belonging to only one cluster and not connected to other clusters) to ensure stability of the
inversion, thus producing a final data set which can be significantly smaller than the initial one.

Following Waldhauser and Ellsworth [2000], for large data sets we fix the minimum number of observations
per event pair to eight, which is equal to the number of degrees of freedom for an event pair (three spatial
and one temporal coordinates for each event pair) and to four for the smaller ones. In all cases, the maximum
hypocentral separation allowed between linked events is fixed at 5 km. In addition, according to Waldhauser
and Ellsworth [2000]) large data sets are better located using the conjugate gradient algorithm Least SQuaRe
(LSQR) [Paige and Saunders, 1982], which is appropriate for solving sparse systems of data requiring a
minimum of machine time, while for data sets of about 100 events the Singular Value Decomposition (SVD)
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Figure 3. Distribution of the DD relocated seismicity along the profiles shown as white dashed lines in Figure 2. The
profile width is 1 km except for the cross section Figure 3g, whose width is 2 km. POZ=Pozzuoli, POZ bay=Pozzuoli Bay,
LS=La Starza, and SP=Solfatara-Pisciarelli. Black stars mark the location of the main degassing areas. Dashed magenta
lines indicate the alignments deduced from the DD-located earthquakes, whereas dotted magenta lines are the main
fault traces from Figure 1. Figure 3g also reports the interpretative model based on the attenuation tomography results
by De Siena et al. [2010]: light gray = hydrothermal basin and gas reservoir, yellow = H2O-rich zones, light blue = melt
zone, pink = high-attenuation zone.

method gives a better estimate. In our case, the 1982, 2005–2011, and 2012–2014 data sets were relocated
using the SVD method, with about 90% of them having uncertainties less than 150 m in both the horizontal
and vertical components. The 1983 and 1984 catalogs were relocated using the LSQR method. In order to esti-
mate errors on the spatial coordinates we randomly selected subsets of the data, which could be separately
relocated using the SVD technique in order to get a convergent matrix for each inversion. For all these sub-
sets, errors on the spatial coordinates of about 90% of the events are less than 150 m, while for the remaining
10%, uncertainties vary in the 150–300 m range.

To evaluate the errors of relocated events, a few factors need to be taken into account. First, the station
distribution is crucial for assessing the reliability of the relocations as extensively discussed in Waldhauser and
Ellsworth [2000]. In our study, the stations are not evenly distributed so that the spatial resolution of the events
will not be the best, considering the sparse azimuthal coverage of recording instruments, particularly to the
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south and east. Another cause of possible error is the number of P and S picks for each event. We note that
the relocated events with no S wave traveltimes and/or a minimum number of P wave traveltimes show larger
errors on the spatial components.

3. Results

The obtained DD events are plotted in map view in Figure 2 and in cross sections in Figure 3. In both
figures the events are color coded according to their year of occurrence. The 1983 (red open dots) and 1984
(black dots) seismicity overlap both in map view (Figure 2) and at depth (Figure 3), while the few 1982 events
(yellow dots) are sparsely distributed. The 1984 events, with an areal extent of ∼8 km, are mostly clustered in
the Pozzuoli area, although a significant number of earthquakes are located offshore (Figure 2). Vanorio et al.
[2005] obtained a different picture of the 1984 seismicity, which was located in the NE region of Pozzuoli with
only few sparse events offshore. However, the depth distribution observed in Figure 3f, where most of the
events are shallower than 4 km, is comparable to that in Vanorio et al. [2005]. We have to mention that the data
set analyzed in Vanorio et al. [2005] included data recorded, from January through April 1984, by the tempo-
rary network installed by Wisconsin University. In the initial relocation trial, which also included that data set,
we could not constrain the inversion matrix, which was likely due to timing errors. In order to avoid this issue
and to obtain reliable and consistent relocations, we used only the 1984 catalog data retrieved from readings
at permanent stations.

In Figure 2, the 1984 seismicity is grouped in four main clusters: the denser one (La Starza seismicity) over-
laps the WNW striking La Starza uplifted terrace (shown in Figure 1) and extends eastward to the Solfatara
crater. A relatively more sparse seismicity characterizes the Pozzuoli-Solfatara area and is located at depths
<3.5 km (Figure 3f ). Among the offshore earthquakes, a consistent number, roughly 12%, is confined in the
first 4–5 km depth along a SW dipping (dip = 75–80∘) alignment (Figures 3a–3c). In addition, offshore, very
shallow events (depths ≤1 km, Figure 3) align along a roughly WSW trending feature extending from Baia to
La Starza (Figure 2). Three minor clusters of a few shallow events are located nearby Pozzuoli: one to the west,
showing an E-W trend, and the other two, located to the south and southeast, along a WNW alignment.

The 2005–2011 DD events (green squares in Figure 2) occur in the Solfatara-Pisciarelli area (Figure 1 for
location) between 1 and 3 km depth (Figure 3). This seismicity is located at the eastern boundary of the 1984
focal volume depicting a roughly NW-SE trend.

The 2012–2014 DD-seismicity splits in two main clusters (blue squares in Figure 2). The first one aligns along a
WSW strike at the northwestern tip of the 1984 focal volume, while at depth it is confined between 3 and 4 km
(Figure 3). Second, more diffuse cluster is located in the Solfatara-Pisciarelli area at depths <3 km (Figure 3).
This cluster partly delimits and overlaps the eastern boundary of the 1984 focal volume.

The overall spatiotemporal distribution of the 1984–2014 seismicity clearly shows that the more recent
(2005–2014) events only partly overlap the focal volume of the earlier ones (1982–1984) and are distributed
along the NW and SE boundaries.

4. Discussion

The 1982–1984 seismicity clearly depicts a WNW-ESE trending brittle deformation belt, which roughly over-
laps the La Starza marine terrace (Figure 2). Most of the 1982–1984 seismicity is focused at depths >1.5 km,
in the Pozzuoli-Solfatara area, where the most intense degassing of CF has been observed. This seismicity
overlaps the region of low VP∕VS (1.3–1.4) zone identified by Battaglia et al. [2008], who interpreted it as a
gas-enriched zone of the hydrothermal system. We therefore explain this seismicity as reflecting the hydraulic
fracturing associated with the volumetric increase along preexisting regional WNW striking structures, due
to the input of deep (>3–4 km) magmatic fluids within the shallower hydrothermal system. This interpre-
tation is consistent with the observed increase of CO2/H2O measured at Solfatara during the 1982–1984
seismic swarm [Chiodini et al., 2013]. In addition, experimental and analytical models of doming [Withjack and
Schooner, 1982] show that fault patterns caused by inflation may be significantly affected by the regional
tectonics.

Between Baia and the western boundary of La Starza, the 1982–1984 shallowest events (depth ≤1 km,
Figures 2 and 3a) occur in the <37 ka lavas overlying the fossiliferous sediments of the NYT caldera [Piochi
et al., 2014]. The limited depth of these events is strongly controlled by the intracaldera lithology and,
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in particular, by the higher rigidity lavas overlying sediments that are at a higher temperature (150–200∘C)
[Chiodini et al., 2013; Piochi et al., 2014].

The 1982–1984 offshore earthquakes in the Pozzuoli bay, southeast of Baia (Figure 3c), are located on a
mapped NW striking fault of unknown dip, extending from the submerged, southern NYT caldera boundary
(4–5 km depth) (Figure 1 for location). The relocated seismicity clearly depicts a high-angle SW dipping
structure, which can be interpreted as the reactivation of an outward dipping intracaldera fault related
to the NYT collapse or, alternatively, a regional fault. Although analogue models of caldera deformation
[Acocella, 2007; Walter and Troll, 2001] show that outward dipping intracaldera faults form and likely reactivate
during subsidence episodes (deflation), whereas here we are examining an uplift phase (inflation), we can-
not exclude the possible reactivation, during the 1982–1984 uplift, of that outward dipping fault, which was
created during a subsidence period. The other possibility is that slip occurred on a regional fault in response
to the 1982–1984 inflation, thus producing the offshore seismicity. This latter conclusion is supported by
the observation that a large number of structural discontinuities affecting the CF caldera are regional faults
[Vilardo et al., 2010; Vitale and Isaia, 2014].

The 2005–2011 seismicity (green squares in Figure 2) is distributed along the NW striking subparallel faults
in the Solfatara-Pisciarelli area and delineates a NE dipping ∼45∘ plunging volume (Figure 3). These events
occurred during miniuplift episodes, and specifically, those recorded in 2005–2007 are associated with mud
emissions and opening of boiling pools in the Pisciarelli area [Chiodini et al., 2015], along two main NW striking
and NE dipping faults, which border the eastern outer flank of the Solfatara crater. From 2005 to 2006, long
period (LP) very shallow (depth ∼500 m) signals were also recorded. Cusano et al. [2008] modeled the broad-
band LP signals and found a crack-like source with a significant volumetric component. They observed that
the LP signals at CF are usually preceded by volcano-tectonic events and are immediately (from a few days to
a month) followed by a consistent increase of thermal and gas emissions. Cusano et al. [2008] concluded that
the tectonic activity likely increases the medium permeability favoring fluid mobility and consequently pres-
sure changes cause perturbations in the hydrothermal system, which subsequently triggers the LP signals. In
addition, in the case of the 2000 LP events, Bianco et al. [2004] observed that high fluid pressure is required
to open cracks (fluid pressure > maximum horizontal stress). We therefore conclude that the 2005–2011 seis-
micity was related to the upward migration of fluids along a NW striking fault system located at the eastern
tip of La Starza.

Some of the 2012–2014 events (blue squares in Figures 2 and 3) overlap the 2005–2011 seismicity at the
eastern tip of La Starza in the Solfatara-Pisciarelli area, but a significant number is located along its NW
boundary. At depth, the latter group of events (Figure 3g) is focused between 3 and 4 km at the lower
boundary of low VP∕VS [Battaglia et al., 2008] and low 1/QS zones [De Siena et al., 2010] and just above a
high-attenuation zone interpreted as a localized melt pocket by Zollo et al. [2008]. We speculate that the
more recent events (2012–2014) could be associated with fracturing due to gas release from a localized
magmatic body and/or a volumetric increase of this body (Figure 3). It is noteworthy that the 2012–2014
seismicity between Monte Nuovo and Gauro (Figure 1) is aligned with a well-known WNW preexisting fault
[Rosi et al., 1983].

In summary, the 1982–2014 seismicity is confined within the NW striking, outward dipping faults border-
ing the Solfatara crater (Figures 3c, 3d, and 3g). Earthquake distribution and fault geometries are consistent
with a funnel-like structure within which brittle deformation concentrates. According to experimental
models [Walter and Troll, 2001; Acocella, 2007], this structural configuration can be caused by the reactiva-
tion of funnel-related faults possibly formed during previous deflation phases. Our structural model does not
agree with that of Isaia et al. [2015], who proposed a maar-diatreme structure with inward dipping faults for
the Solfatara crater.

4.1. Seismicity, Geochemical Signals, and Deformation
In Figure 4 we show the temporal distribution of earthquakes (red bars) and relative depths (green bars) and
the variation in time of the CO2/H2O ratio [Chiodini et al., 2013, 2015]. The 1982–1984 seismicity was followed
by an increase of CO2/H2O at an average rate of ∼0.05 per year (Figure 4), thus suggesting that CO2 migrated
upward along gas-saturated fractures activated during the seismic activity, and crossed the hydrothermal
system at depths between 2 and 3.5 km, just above the supercritical fluid-bearing rocks identified at 3 km
depth [Zollo et al., 2008]. This conclusion is supported by the fact that the largest CO2/H2O values, which give

DI LUCCIO ET AL. THE 1982-2014 CAMPI FLEGREI SEISMICITY 7503



Geophysical Research Letters 10.1002/2015GL064962

Figure 4. Variation in time of CO2/H2O [blue line, from Chiodini et al., 2013, 2015], number of earthquakes (filled red
bars) and hypocentral depths (green) are shown. Open red bars indicate earthquake distribution from D’Auria et al.
[2012]. Black stars mark time periods whose relative seismicity is assumed to be triggered by the uprising of fluids from
a ∼4 km deep magma pocket (see text for more details).

a measure of the amount of magmatic gases added to the hydrothermal system, were recorded one year after
the cessation of the seismic activity (Figure 4) [Chiodini et al., 2013].

The seismicity that followed (2005–2014) is associated with minor uplift episodes (few cm) and lower CO2/H2O
rates per year (maximum value of 0.02 between 2005 and 2007, Figure 4). This seismicity is narrowly located
along faults bordering La Starza and, in particular, on the NW-SE striking faults crossing the Solfatara-Pisciarelli
main degassing area. The upward migration of fluids during the miniuplift episodes preferentially occurs at
the eastern boundary of La Starza and of the hydrothermal system. The inversion of SAR data [D’Auria et al.,
2012] shows a cone-shaped positive volumetric variation at depths between 0 and 4 km centered below
Pozzuoli and east of Solfatara-Pisciarelli, where the NW striking faults outcrop and the 2005–2007 events
concentrate. Thus, this seismicity could be due to the coupled effect of increased fluid flow along the fault
zones and to local volume variations associated with pore pressure increase [D’Auria et al., 2012].

As previously reported, the 2005–2014 events do not overlap the 1982–1984 focal volume; this could be due
to (a) fluid rising up along preexisting faults at lower pressure with respect to the 1982–1984 uplift episodes,
and/or (b) formation of a very low rigidity zone in the core of the hydrothermal system after the previous
(1982–1984) uplift. Regarding hypothesis (a), we note that the amount of CO2 released during the 1982–1984
uplift was 6×106 t (i.e., 3×106 t/yr), whereas 14×106 t was released between 1985 and 2011 (i.e., 5.3×105 t/yr)
[Chiodini et al., 2013]. These data suggest a general decrease of pressurization of the hydrothermal system
after 1984, only interrupted by short-term pressure increases triggering miniuplift episodes. Concerning
hypothesis (b), the rock volume underlying the Solfatara-Pisciarelli sector may not represent a zone of brittle
deformation at present, because of a change in the rheological properties of the medium related to temper-
ature increase and fluid saturation after the 1982–1984 uplift. Consequently, a possible, future slow upward
migration of magma could not be followed by earthquakes in the Solfatara area. Meanwhile, a fast movement
of magma/fluids could produce failure induced by an abrupt increase of the strain rate. This conclusion is
supported by Fournier [1999], who showed that magma storage zones between 2 and 6 km beneath volca-
noes are surrounded by rocks with temperatures sufficiently high (>400∘C) to behave in a plastic manner.
Accordingly, temperatures >300∘C are assumed at 2 km depth underneath the Solfatara, based on both
geochemical data and thermal models [Chiodini et al., 2013]. Furthermore, investigating the possible causes
of the thermal anomaly beneath Solfatara in the time interval 2005–2014, Chiodini et al. [2015] infer that the
heating of the hydrothermal system is likely due to the increase of water in magmatic fluids and, consequently,
the heating of the rock can trigger unrest at the CF caldera.

The 2012–2014 deeper (3–4 km) earthquakes (Figure 3) are likely related to the increasing volume of the
magmatic body recognized at about 3.5 km depth below the hydrothermal system. The occurrence of a
high-pressure source located just below the hydrothermal system is confirmed by deformation modeling
from SAR data [D’Auria et al., 2012], which have highlighted a limited positive volumetric strain variation in
the 1995–1999 and 2005–2007 time periods at the bottom of the 2012–2014 cluster.
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5. Conclusions

In this study we show that the double-difference relocated seismicity that occurred at CF between 1982
and 2014 is associated with pressure variations in the hydrothermal system, which preferentially reactivates
preexisting volcano-tectonic or tectonic structures, and favors fracture-controlled pathways for the migration
of fluids toward the surface. Noteworthy the hypocentral distribution of the seismicity highlights an outward
dipping fault in the western sector of Pozzuoli bay. The distribution of the DD seismicity does not match the
subcircular uplift deformation pattern centered in Pozzuoli town, but it is concentrated within brittle rock
volumes affected by preexisting fractures and is a time-dependent function of previous hot fluid injection
episodes. The focal volume variation in time shows a progressive rheological change within the upper 4 km
of the crust, where rock behavior transitions from elastic to plastic. This implies that a slow upward migra-
tion of magma may not necessarily be preceded by earthquakes or swarms. This conclusion should be taken
into account when geophysical and geochemical data are analyzed for short-term volcanic hazard estimates
during unrest episodes at Campi Flegrei.
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