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Abstract

The Campi Flegrei caldera is characterized by the phenomenon of bradyseism, as evidenced by stratigraphic records of
alternate oceanic and continental sediments dating back over a thousand years. Since 2005, the caldera has been in a phase
of unrest, which is increasing volcanic deformations and associated seismicity around the region, resulting in a growing
concern over the dense population in the inhabitation. Recent studies have highlighted that the caldera dynamics are driven
by a combination of endogenous processes and modulation phenomena induced by exogenous processes, €.g., rainfall,
atmospheric pressure, and tidal loading. Although the complex feedback mechanisms of both endogenous and exogenous
processes are still under debate, the present study is focused on the increased potential of modulation due to exogenous pro-
cesses with the increase or evolution in the degree of inflation of the magma chamber. Specifically, Campi Flegrei volcanic
system shows sensitivity to seasonal hydrological cycles during slower rates of inflation and to short-period tidal modula-
tions during higher rates of inflation. The observed seasonal modulations of seismic activity are explained in terms of water
infiltration into the shallow aquifers, basins, and vent depression system of the caldera. The rainfall-induced pore pressure
build-up also favours the instability of the brittle cap rock, promoting seismicity. In addition, this study suggests that the
tidal loadings provide horizontal NS extensions to the mostly NW-SE, NE-SW, and EW-oriented scattered fractures and
further contribute towards fracture propagation. During this process, a cyclic opening and sealing of fractures by volatile
outgassing and silicate settling may, respectively, produce the episodic behaviour of the seismicity. The seismicity in relation
to exogenous processes imposed by seasonal rainfall and tidal loadings shows that the degree of correlation depends on the
different rates of inflation. The long-period seasonal modulations and short-period tidal modulations during the evolution
of the degree of inflation are finally interpreted in the framework of the fault resonance destabilization model, under rate-
and-state dependant frictional formalism.
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can modulate volcanic activity, and the degree of modu-
lation is maximum during metastable states and unrest.
The exogenous sources which can cause stress perturba-
tions include various processes such as rainfall-induced
seasonal fluid pore pressure changes (Hainzl et al. 2006;
Farquharson and Amelung 2020), seasonal atmospheric
pressure and thermal cycles contributing to variation of
the lithostatic pressure and ground temperature (Petros-
ino et al. 2018; Chiodini et al. 2015), and tidal loading
(Hamilton 1973; Mcnutt and Beavan 1987; Rydelek et al.
1988; Emter 1997; Sahoo et al. 2021, 2022; Niu and Song
2021) acting on short and long time scales, which pos-
sibly trigger brittle deformations and eruptions (Dumont
et al. 2022a). Seasonal rainfall modulations are reported
from various active volcanoes and even non-volcanic trem-
ors (Hainzl et al. 2006; Mason et al. 2004; Pollitz et al.
2013). Similarly, tidally triggered non-volcanic tremors
are reported in many parts of the world (Cochran et al.
2004; Métivier et al. 2009. Theoretically, short-period
stress perturbations as tidal modulations can occur in a
system with high loading velocity and constant periodic
tidal loading (Lockner and Beeler 1999; Perfettini et al.
2001; Senapati et al. 2022, 2023). The tidal modulations
are observed when the pore fluid pressure equals the litho-
static pressure, which can only be achieved during the
critical state of pre-eruption (Thomas et al. 2012). So, it
can be suggested that the volcanic systems will provide a
higher degree of correlation of exogenous processes with
the endogenous manifestations (e.g., seismicity) associ-
ated with a high degree of inflation and/or under a critical
state (Wilcock et al., 2016; Petrosino et al. 2018; Sahoo
et al. 2021).

The Campi Flegrei (CF) caldera, in southern Italy, is a
typical example of such volcanic systems. Here, the hydro-
logical cycles strongly influence its activity in terms of
earthquakes and ground deformation (Petrosino et al. 2018,
2021a; Scafetta and Mazzarella 2021). Moreover, the CF
caldera, located in a coastal region, experiences moderate
ocean tidal loading, which provides a substantial degree of
exogenous effects on the internal dynamics (De Lauro et al.
2013; Petrosino et al. 2018; Falanga et al. 2019; Petrosino
and Dumont 2022). The history of settlements in the CF
region dates back to the Palaeolithic age as the volcanic
eruptions have made the land fertile and abundant with hot
springs and lakes, making it an ideal place for inhabitation.
At present, the region is home to more than 350,000 people,
posing serious questions about volcanic risk management
(Kilburn et al. 2017; Orsi et al. 2004). For preparedness
for volcanic hazards and risk mitigation in the CF region,
intense studies have been performed (Orsi et al. 2004; Mas-
trolorenzo et al. 2006; Kilburn et al. 2017; Carlino 2021),
which were also used by the Italian government for plan-
ning a possible evacuation of the population. Therefore, the
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i estimation of the probability of an eruption as well as the
assessment of the volcanic hazard is of much priority for this
densely populated region.

The present study focuses on the correlation of the ground
deformation, associated seismicity modulations, and their
relation between endogenous and exogenous processes dur-
ing the accelerated rate of inflation at CF caldera. In order
to estimate the degree of correlation between endogenous
and exogenous processes, we have used different physical
parameters and observations (e.g., ground deformation, seis-
micity, rainfall, air temperature and pressure, ground tem-
perature, and ground tilt). Based on the ground deformation
and seismicity rates, we have differentiated the timespan of
observation (1 January 2005-31 December 2019) in two
intervals: Slower Rate of Inflation, SRI, (2005-2013) and
Higher Rate of Inflation, HRI, (2014-2019). We have used
the GNSS time series to model the location and geometry
of the deformation source and degree of inflation using the
inversion approach. The effect of tidal loading on the vol-
canic system and associated tidal modulations have been
analysed using correlation techniques and tidal stress model-
ling, respectively. We have also investigated the possibility
of resonance destabilization process during the two different
phases of inflation and the associated degree of correlation
with long-period and short-period stress perturbations. On
the basis of the results, we propose a possible model which
relates the mechanism of the ground deformation and the
seasonal and tidal modulations of the seismicity. Our studies
can be useful to better understand the degree of inflation at
CF caldera and the possible evolution of the dynamics of the
volcanic system, contributing to the volcanic hazard and risk
assessment during emergency mitigation.

Campi Flegrei caldera: geological setting,
ground deformation, magmatic system,
and hydrothermal circulation

The CF caldera is a complex volcanic system covering
around 450 km? to the west of the city of Naples, with a
long history of deformation and eruption episodes (Orsi
et al. 1996; Di Vito et al. 1999). The region is cut by high-
angle faults or fractures with NW-SE and NE-SW trends in
aradiating pattern that extends from latitude 40.75° to 40.9°
N and longitude 14° to 14.25° E. The CF caldera is a nested
structure with a diameter of more than 10 km which was
formed due to subsequent collapses dated back 39,000 years
ago (Campanian Ignimbrite) and 15,000 years ago (Neapoli-
tan Yellow Tuff) (Fig. 1). Since then, more than ~70 smaller
eruptions have formed several craters and vents inside the
large CF caldera complex, both on land and submerged
under the Pozzuoli Bay (Orsi et al. 1996; Vito et al. 1999).
The eruption of CF has been magmatic to phreatomagmatic,
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Fig. 1 General morphology, seismicity and GNSS observations at
the Campi Flegrei caldera, Italy. The globe inset shows the region of
Campi Flegrei Caldera. Top White rectangles are the GNSS stations.
Black triangles mark the location of Seismic stations. Seismicity is
shown in colour size scale as represented along with fault plane solu-

with tephra fallouts and pyroclastic currents causing sig-
nificant damage to the settlements (Di Vito et al. 1999; Orsi
et al. 2004). Stratigraphic evidence shows widespread vol-
canic ash deposits around the region, which provides an idea
about the effective radius of the volcanic eruption (Orsi et al.
1996; Di Vito et al. 1999). The last eruption occurred in
1538, giving rise to the new dome at Monte Nuovo (D1 Vito
et al. 1987, 1999).

The history of the CF caldera is associated with peri-
odic ground movements of uplift and subsidence known as
bradyseism (i.e., slow ground movement in Greek) (Par-
ascandola 1947). Documentation regarding the ground
movements dates back to the eighth century, corresponding
to the stratigraphy of the region with alternative marine
and continental sediments. The historic ground move-
ment is evident in the marble columns at the Macellum
of Serapeo (ancient marketplace of Romans), where the
molluscan tracks and trails are observed at~7 m in height
(Parascandola 1947). After the Monte Nuovo eruption, the
CF caldera underwent a phase of subsidence, interrupted

tion of random events. Bottom Seismicity with respect to depth along
with fault plane solution of random events is shown at the respective
cross-section (white dashed line at the Top). Right The vertical dis-
placements observed in the region at different GNSS stations

by major and minor ground uplifts, the most recent of
which occurred in 1950, 1969-1972, 1982-1984, 1989,
1994, and 2000 (Del Gaudio et al. 2010). The uplift phases
are characterized by the occurrence of volcano-tectonic
earthquakes that significantly increase during the unrest
phases. On the contrary, during the subsidence, seismic-
ity is scarce (Bellucci Sessa et al. 2021). The earthquakes
often occur in swarms and are generated by brittle shear
failure mechanisms caused by the pressurization of the
hydrothermal system and fluid flow towards the surface
(Saccorotti et al. 2007; De Lauro et al. 2016). Most seis-
mic events are located at shallow depths (4 km below sea
level), beneath the Solfatara-Pozzuoli area (Bellucci Sessa
et al. 2021; Petrosino et al. 2018).

Since 2005, the CF caldera has undergone an almost con-
tinuous uplift but with variable rates: (a) a lower rate up to
2014, interrupted by two short-time acceleration episodes
in 2006 and 2012 (De Martino et al. 2014) and (b) a con-
tinuous accelerating trend starting from 2014 (Fig. 1). The
overall vertical deformation is about 115 cm to date (Campi
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Felgrei Caldera, Monthly Surveillance Bulletin, September
2023 available at the URL www.ov.ingv.it).

The prominent vertical ground movements during par-
ticular events in the history of bradyseism provide informa-
tion related to the repeated magma injections and progres-
sive structure formation in and around the CF caldera system
(Chiodini et al. 2012). Since 1950, the ground displacements
are maximum around the town of Pozzuoli and reduced
towards the margin of a spherical boundary with centres
beneath Pozzuoli, i.e., the Solfatara crater, suggesting the
presence of a constant spheroidal magma source (Lima et al.
2021). The Solfatara crater is a constant source of fuma-
rolic emissions, mainly from Bocca Grande, Bocca Nova,
and Pisciarelli, containing mainly CO,/H,O which are due
to the interaction of magmatic-hydrothermal fluids into the
surface hydrothermal system and meteoric water (Chiodini
et al. 2012).

The magma source and injection of magmatic fluids have
been a subject of discussion, and different hypotheses have
been suggested as the source location and mode of fluid
transport (Tedesco 1994; De Natale et al. 2001). The seismic
tomography has provided evidence of a shallow gas reservoir
(2-3 km) with low Vp/Vs values beneath the CF caldera
(Battaglia et al. 2008; De Siena et al. 2010). According to
Calo and Tramelli (2018), high Vp/Vs and low Vp/Vs values
at different depths suggest the presence of different anoma-
lous bodies. The shallow-depth aquifers and volatile-rich
rock layers are represented by the low Vp/Vs layers which
extended a maximum of up to 2 km. The high Vp/Vs values
are related to the hydrothermal fluid conduits at a depth of
2—-4 km and the magmatic source below. The scattering val-
ues suggest the presence of low scattering water-filled frac-
tured rocks in the first km of depth and deeper (1-2 km) high
scattering volatile-rich fractured rocks, i.e., the most likely
source of the observed seismicity. The gravity inversion
study by Capuano et al. (2013) shows similar results. The
deeper part of the magmatic complex is separated from the
shallow aquifer by impermeable layers mainly composed of
volcanoclastic sediments and marine deposits (de Vivo et al.
1989; Calo and Tramelli 2018). Below the hydrothermal res-
ervoir, the contact aureoles represent the depths of magma
injection, and the change in grades of metamorphism con-
tributes to the change in permeability of the corresponding
rocks (Vivo et al. 1989). At~7 km depth, a layer of igneous
sill detected by the seismic tomography (Zollo et al. 2008)
has been interpreted as a magma intrusion and source of the
steam-rich magmatic fluids that fed the shallow reservoir
(Moretti et al. 2018). The permeability of the layers plays
an important role in controlling the ground displacement,
as the strata provide quasi-barriers to the upward movement
of magmatic fluid and gases as well as the downward move-
ment of meteoric water (Lima et al. 2009). The displacement
due to inflation may be of different degrees according to the
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location of the hydrothermal pressure, being higher at the
shallow impermeable layer and lower at the bottom magma
injection layer. Also, the duration of the uplift phase depends
on the duration of hydrothermal recharge and obstruction
from the impermeable layer (Lima et al. 2009). The mag-
matic injections generate an increase of CO, fluids in the
volcanic system and a consequent increment of CO,/H,0
ratio in the surface gas emissions during the inflation phases
(Chiodini et al. 2010, 2012). The fluid migration also causes
the formation of fractures and their propagation in the low
permeability cap rock, thus promoting seismicity (Lima
et al. 2021; Petrosino and De Siena 2021). Observations of
diverse geophysical and geochemical parameters suggest
various phases of inflation and deflation during the histori-
cal period, and that currently, the volcanic system is at a
higher degree of inflation (Troise et al. 2019; De Martino
et al. 2021).

Datasets and methodology
GNSS displacements

The ground displacements are monitored by the Neopolitan
Volcanoes Continuous GNSS (NeVoCGPS) network from
the GNSS stations located around the CF. The network is
maintained by Istituto Nazionale di Geofisica e Vulcanolo-
gia—Osservatorio Vesuviano (INGV-OV), and it is composed
of 21 stations, with some stations having continuous opera-
tions since 2000 (De Martino et al. 2021). The stations pro-
vide high accuracy of vertical and horizontal displacements
which is collected and analysed for inflation and deflation-
related information. Datasets of 2005-2019 are publicly
archived from De Martino et al., (2021) (Figure S1).

Seismicity catalogue

The seismicity catalogue of the CF earthquakes is com-
piled by the INGV-OV observatory, publicly available on
the domain http://sismolab.ov.ingv.it/sismo/index.php?
PAGE=SISMO/last&area=Flegrei. The INGV-OV makes
joint use of a permanent and a mobile network composed
of velocimeters and accelerometers for the seismological
monitoring of the CF region (https://www.ov.ingv.it/index.
php/monitoraggio-sismologico/flegrei-monit-sism). The
seismic stations are both analogue and digital, with instal-
lations at terrestrial and marine platforms. In the present
work, we have used the re-located volcano-tectonic events
which occurred at CF caldera from 2005 to 2019. The seis-
micity catalogue contains 1343 well-located events with
magnitudes ranging from — 1.0 to 3.1, hypocentral depths
of up to 3 km below sea level, and a variety of earthquake
focal mechanisms, with primarily normal faulting due to CF
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caldera collapse structures (Fig. 1). The seismicity rate has
gradually increased with a maximum rate at the end of the
investigated timespan (Bellucci Sessa et al. 2021). The high-
est magnitude of 3.1 occurred in December 2019. As a pre-
liminary step, we performed a statistical analysis of the seis-
mic catalogue, by estimating the completeness magnitude,
b-value, and periodicity (Supplementary Text) (Figure S2,
S3). From the catalogue, we have observed an increase in
the number of events with respect to time due to the volcanic
unrest. As the detection threshold of a seismic network can
be characterized by the completeness magnitude Mc which
is almost constant (—0.3) for the whole time interval, we can
reasonably be confident that the increase in the earthquake
rate is not due to the increase in the number of seismic sta-
tions. For the statistical analysis described in the next sec-
tions, we used relocated earthquakes above the estimated
threshold of Mc= —0.3. In addition, we worked on both
non-declustered (raw) and declustered catalogues because
the two have different statistical properties (Petrosino et al.
2018). In fact, at CF caldera, there are many seismic swarms
that could bias the results of some methodologies (such as
the Schuster spectrum; see “Tidal periodicity of seismicity
and correlation with tidal loading” section). At the same
time, seismic swarms are a relevant component in the CF
seismicity, so it is important to consider them when one
applies different techniques (such as correlation analyses;
see “Relationship between seismicity and rainfall” section).

Meteorological and hydrological data

The hydrological changes during the year at CF caldera con-
sist of wet and dry seasons which go from September to
March and from April to August, respectively. The rainfall
amount is measured by local weather stations and archived
in public repositories. As the study interval is very long
(2005-2019), data from two different public archives (i.e.,
https://www.wunderground.com/weather/it/positano/LIRN/
date/20194, https://www.3bmeteo.com/meteo/ora/storico/
202201) were combined to generate the total dataset with
daily observations for the whole investigated timespan. We
have also considered satellite-derived rainfall observations
from GPM (ftp://arthurhou.pps.eosdis.nasa.gov/gpmdata).
Atmospheric observations such as pressure and temperature
were obtained from the public archive https://www.wunde
rground.com/weather/it/positano/LIRN/date/20194n. The
land surface displacement/deformation due to the change
in rainfall causing seasonal hydrological mass variation has
been estimated at GNSS site coordinates by using the data
archived from the German Research Center for Geosciences
(GFZ) (http://rz-vm115.gfz-potsdam.de:8080/repository).
The Hydrological Land Surface Discharge Model
(LSDM), version v1.3, precisely computes the elastic defor-
mation in the centre of the Earth’s frame. It includes the

satellite-estimated mass of soil moisture, snow, and surface
water in rivers and lakes on a 24-h basis on a regular grid of
0.5°x%0.5° (Dill and Dobslaw 2013). This closely follows
the deformations on seasonal and shorter timescales (Dong
and Kelly 2003) based on the modelled load Love numbers
considered for an elastic Earth model “ak135” (Wang et al.
2012). For predicting hydrologically induced displacements
at a station, the LSDM model uses numerical model simula-
tions, which explain a considerable fraction (up to 54% on a
global scale) of the naturally observed vertical movements
at the station caused by seasonal hydrological loading vari-
ations (Dill and Dobslaw 2013).

Ground temperature and tilt data

The thermal infrared camera network (Vilardo et al. 2008;
Caputo et al. 2020; Cusano et al. 2021a; Sansivero and
Vilardo 2022) and the borehole tiltmeter networks (Ricco
et al. 2019; Petrosino et al. 2021a, b) provide continuous
datasets for ground temperature and ground tilt measure-
ments, respectively. The networks are managed by INGV-
OV. Although only recent observations are available from
these instruments (Cusano et al. 2021a, 2021b; Petrosino
et al. 2021a, 2021b), the specific datasets which cover part
of the whole time span of 2005-2019 have been analysed
for supportive correlations. Specifically, we have used the
ground temperature data from the SF1 infrared thermal cam-
era (Cusano et al. 2021b) and the root mean square (RMS)
of ground tilt data from the CMP tiltmeter (Petrosino et al.
2021b) (Figure S3).

Solid earth and ocean tidal loading models

For quantification of tidal loading, the longitudinal strains
(north 0° and east 90°), shear strains (north-east), and volu-
metric strain (vertical) acting on the major fault azimuth
at a central point over the CF Caldera (40.83° N, 14.14°
E) have been estimated due to combined ocean tides and
body tidal loading using the SPOTL program (Agnew 1996,
1997, 2012). This program assumes an elastic and spheri-
cal earth (degree-two Love numbers 7=0.6114, k=0.3040,
and /=0.0832) using Cartwright—Tayler constituent ampli-
tudes and Green’s functions from the Gutenberg—Bullen
earth model (Farrell 1972) and computes the tidal strains
directly from the positions of the moon and the sun (Agnew
1997). The strains (extension positive) were obtained for the
eight major short-period tidal constituents (K1, K2, M2, N2,
01, P1, Q1, and S2) using the GOT4.7, a global ocean tidal
model (Richard Ray 1999) combined with the Oregon State
University (OSU) regional ocean tidal model for the Medi-
terranean and the Black Seas (Egbert and Erofeeva 2002). In
the present computation, we considered an Elastic modulus
of 5 GPa and a Poisson ratio of 0.25 (Manconi et al. 2010;
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Sahoo et al. 2021). We computed the horizontal north—south
(NS), horizontal east—west (EW), and volumetric/vertical
stresses on the CF caldera by converting strains to stress,
adopting linear elastic constitutive equations.

Results

Observation and modelling of the deformation
source

Changes in the uplift rate related to CF caldera are clearly
visible in the vertical displacements recorded by GNSS sta-
tions from 2005 to 2019 (Fig. 1). In fact, until 2013, the
deformations show multiple episodes of small uplifts (e.g.,
2006 and 2012) (De Martino et al. 2014) with a time span
greater than 0.23 years and a velocity greater than 18 mm/
year, whereas since 2014, the deformation rate accelerates
almost continuously (Fig. 1). Also, from the temporal analy-
sis of Mc and b-value, we have found that their fluctuations
significantly increase after 2014 (Supplementary Text; Fig-
ure S2) which is also coherent with the changes in inflation.
This motivated further for the temporal segmentation; con-
sidering both instances of the observed changes, we have
differentiated the whole time interval (2005-2019) into two
timespans of active inflation, namely Slower Rate of Infla-
tion, SRI (2005-2013) and Higher Rate of Inflation, HRI
(2014-2019).

We have attempted to model the CF source of deforma-
tion in order to assess the inflation rates in the two times-
pans. We used the IMODELS software package (Battaglia
et al. 2013), with the source of deformation assumed to be
spherical with a radius of 500 m and located in a flat, homo-
geneous, elastic, and isotropic half-space (as for the shal-
low gas-saturated hydrothermal reservoir inferred by Calod &
Tramelli 2018). We have performed GNSS inversion (Batt-
aglia et al. 2013), which analyses the average displacement
rates measured by the GNSS stations around the deformation
source, to determine the rate of inflation and location of the
source (modelling methods described in the Supplementary
Text). The average displacements observed at the GNSS
stations are used as input alongside the standard Lamé’s
constants, and the priori vent location is set at the Solfatara
crater, based on the outcomes of recent studies (e.g.Amoruso
and Crescentini 2022 and references therein). The change in
volume of the reservoir is defined as the following equation
(Table S1) (McTigue 1987; Battaglia et al. 2013):

4
AV:ﬁa3£l1+(£>] (1)
H 20

where AP is the pressure change and the ratio of the source
radius, and depth (<) is the expansion (e). We have also used
20
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different models (i.e., spherical, spheroidal, and sill) and
obtained the respective results as well as the goodness-of-fit
by chi-square statistical test (Supplementary Text; Table S1,
Figure S5-S8). We found that the spherical model has better
statistics compared to other models in the form of chi-square
values (i.e., closer to 1) and other parameters. For the spheri-
cal model, a least-square inversion scheme was performed
on the observed deformation at various GPS stations to get
the best-fit solution for the vent location, which lies within
a search radius of 5000 m. The dimensionless pressure
change, source depth, and volume change from 250 solutions
were generated randomly for a limited range of these model
parameters.

The inferred rates (slower and higher) from the GNSS
displacement observations with standard values of elastic
constants as Lamé’s constant and shear modulus were taken
into account for the modelled estimations (Kiyoo 1958;
McTigue 1987). From visual inspections, we can suggest
that the estimations of horizontal and vertical displacements
were well-fitted with the observed values in the case of the
HRI due to constant uplift (Fig. 2). Also, from the statistical
results with higher chi-square value (i.e., closer to 1) and
lower standard deviations from the average/mean displace-
ment modelled values, we can suggest that the model has a
better fit during the HRI (Figure S9-S12). Overall, the SRI
had minor mismatches as the timespan contains multiple
uplift episodes of variable rates (i.e., 2006 and 2012).

The source of the inflation was estimated beneath the
Solfatara crater (Fig. 2), at a depth of around 3.7 km and
2.8 km (in SRI and HRI, respectively), which is compatible
with the presence of the hydrothermal reservoir where the
probable mixing between hydrothermal and magmatic fluids
occurs. This provides the constraints regarding the processes
involved in the inflation mechanisms. The source modelling
confirmed the variation in uplift rates causing the differ-
ences in vertical displacements (Figure S10-S13). According
to the previous assumptions in different studies, we have
adopted a Poisson ratio () =0.25 and shear modulus () =5
GPa for the modelling (Amoruso et al., 2008; Trasatti et al.
2015; Manconi et al. 2010; Heap et al., 2014) (Supplemen-
tary Text). The dimensionless pressure change (AP/u) was
found to be 1.63 107> and 5.11 x107° during the SRI and
HRI, respectively. This also provided the volume increase of
the reservoir AV from 6.3 9 x 10° m® year™! during the SRI
t0 2.01 x 10° m? year™! during the HRI (Table S2).

Exogenous processes on CF caldera

We have performed a power spectrum analysis on daily and
hourly bins of both observed and synthetic time series of
various datasets to identify the periodicities (Fig. 3) (method
described in Supplementary Text). This provides informa-
tion on the effective perturbation periods of the exogenous
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(2014-2019) which are observed from the GNSS stations (black
arrows) and modelled from the inversion using dMODELS (red

process acting on the CF caldera and the effects generated on
it. We observe that pressure, temperature, and rainfall obser-
vations all exhibit substantial annual periodicity, suggesting
that these variables act as an exogenous process on ground
tilt and LSDM displacements (Fig. 3). Possibly because of
the greater amount of precipitation during the wet season,
rainfall exhibits a semi-annual periodicity, but this does not
appear to affect the other physical observations with the
exception of the declustered seismicity, which also displays
a weak semi-annual peak. Diurnal and semi-diurnal perio-
dicities in the seismicity, as well as modelled tidal stress
data, are revealed by power spectrum analysis of hourly bins.
We further investigated the correlation between the seasonal
time-scale of the seismicity with the observables exhibiting
annual periodicity (rainfall, tilt, atmospheric pressure, and
LSDM displacements) by calculating their average cumu-
lated monthly distributions (Fig. 4). The results demonstrate
a strong relationship between seismicity and the seasonal
trends of the other observables, indicating that exogenous
processes like precipitation, atmospheric pressure, and

14500° 14°03" 14706 14709 14%12 14715

arrows). The black circles represent the error units of the observed
GNSS stations. The violet circle represents the input point source and
the green circle represents the model-estimated point source location

temperature positively affect the CF seismicity on seasonal
time scales. Based on these findings, we investigated how
annual as well as short-period tidal stress perturbations from
various sources might affect the seismic activity in the CF
caldera in the subsequent sections.

Relationship between seismicity and rainfall

The region of CF caldera experiences a temperate climate
of the northern hemisphere with alternate wet (Septem-
ber—March) and dry seasons (April-August), with Novem-
ber being the month getting maximum rainfall. On average,
the wet season receives rainfall of ~ 120 mm per month, and
the dry season ~40 mm per month (Petrosino et al. 2018).
A large amount of rainfall in the wet seasons induces varia-
tions of the pore-fluid pressure at depth to affect the hydro-
thermal circulation beneath the surface of the CF caldera
(Scafetta and Mazzarella 2021; Petrosino et al. 2021a). To
estimate the effect, we have computed the pore-fluid pressure
changes at different depths in response to surface rainfall.
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Fig.3 Power spectra of the exogenous processes (both observed and
modelled) (tidal loadings, air and ground temperatures, atmospheric
pressure, and rainfall) acting on the caldera and observational data

The transient and vertical groundwater flow is solved using
a finite-difference approximation method. Subsurface pore-
pressure perturbations have been computed as a function of
diffusion of rainwater into the surface, which under math-
ematical approximations can be represented as (Rudnicki
1986; Barton and Barton 1989):

) kK | |62

~=155 @
ot ue || 6h2

where pore pressure exerted by the rainwater is represented

by p, over a time period of ¢, at a depth of & below the ground
surface, and a function of hydraulic diffusivity [i—l;] (ie., a

function of the permeability of the host &, bulk modulus K,
percolating fluid (rainwater) viscosity y, and porosity of the
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(seismicity, vertical and horizontal displacement, LSDM surface dis-
placement, and ground tilt). O1 and K1 indicate the diurnal tidal con-
stituents; M2 and N2 indicate the semi-diurnal tidal constituents

host rock ¢). To avoid boundary effects in the depth-range
of our interest, a zero-flux boundary is imposed at the base
depth of the domain A, which is considered 10 km beneath
the surface in this case. We acknowledge that the tectonic
and hydro-magmatic framework of the CF caldera is com-
plex; however, with the lack of accurate estimates of hydro-
logical parameters beneath the CF caldera, we have assumed
representative hydrogeological model parameters with four
different models (Models I to IV) (Farquharson and Ame-
lung 2020) (Supplementary Text).

It is observed that the temporal distribution of raw (not
declustered) seismicity during both the SRI and HRI well
matches the pore pressure changes associated with rain-
fall (Fig. 5). It can be perceived that the seismicity rate
increases with a higher amount of rainfall, contributing
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to increasing the pore pressure at the corresponding depth
of the earthquake foci. Further, we have performed a lag-
correlation analysis on the monthly cumulative seismic-
ity and rainfall during the two different inflation phases
(Fig. 6). The seismicity and rainfall appear closely cor-
related, except for the declustered seismicity in the HRI.
During the SRI and HRI, we observe a semi-annual pat-
tern of rainfall and seismicity as well. For further statisti-
cal robustness, we have also performed a lag-correlation
analysis on the seismicity, rainfall, and associated pore
pressure (Fig. 6). During the SRI, seismicity (both raw and
declustered), rainfall, and pore pressure are well correlated
with each other. During the HRI, the raw seismicity still
has a good correlation with rainfall, whereas the declus-
tered seismicity is not well correlated (Fig. 6). These
observations provide evidence of an interaction of mete-
oric water with the hydrothermal reservoir, but its effect is
either absent or being suppressed in case of the declustered
seismicity during the HRI, likely due to the presence of
additional external stress from other contributors.

Tidal periodicity of seismicity and correlation
with tidal loading

As the short-period tidal periodicities (diurnal and semi-
diurnal) were observed in the power spectra analysis of seis-
micity (Fig. 3), we have done a detailed periodicity analysis
for the two different inflation timespans (Fig. 7). The Schus-
ter spectrum (Ader and Avouac 2013) and power spectra
analysis are performed on the declustered catalogue, and it
can be observed that there is an absence (at 99% confidence
level of the Schuster test) of short-period components in the
seismicity observed during the SRI, whereas during the HRI,
a strong semi-diurnal (M2) periodicity is observed (Fig. 7).
This suggests the presence of tidal loading effects on the
seismicity occurrence during the HRI.

It has been reported that the effect of tidal loading on the
respective source of deformation depends on various fac-
tors like fault orientations and pore fluid pressures. (Cochran
et al. 2004; Tanaka et al. 2006; Métivier et al. 2009). In order
to gain more insight into these relationships, we performed
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Fig.5 a Time series correlation between average rainfall (GPM), cal-
culated pore pressure change using Model-II (see suppl. Figure S16),
and raw seismicity during the SRI and HRI. b and c are the insets of

a tidal correlation analysis of seismicity with tidal loading.
The region of CF has a diverse orientation of fault planes;
hence, we have considered the overall horizontal (NS and EW)
and vertical/volumetric stress acting on the CF caldera. The
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representative time intervals from the SRI and HRI. d, e, and f are
zoomed insets of representative time intervals from the HRI

representative tidal time series (Fig. 8a) is estimated, consid-
ering the contribution from total tidal loading (ocean + solid
earth). Further, the phase of the occurrence of each earthquake
with corresponding tidal stress variation has been estimated by
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Fig. 7 Periodicity analysis using the Schuster spectrum (a) and power spectrum (b) of declustered seismicity during the SRI and HRI. Note that
the seismicity during the HRI has a semi-diurnal periodicity corresponding to the M2 semidiurnal tidal constituent

defining the phase of each occurrence in the respective tidal ~ the difference between the observed and expected number of
time series between 0 and 360°. The 0 and 360° represent the ~ events divided by the expected number of events as follows:
two alternate peaks of the tidal stress (Fig. 8b). To analyse the

degree of correlation between seismicity and tidal loading,  Ppercentage of excess event (N,,) =
we have performed the excess event analysis by computing

the percentage of the number of excess events (V,,) (Cochran (©)
et al. 2004; Thomas et al. 2012; Sahoo et al. 2021), which are

N, observed — N, expected

N,

expected

x 100
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Fig.8 a Representative tidal stress time series at the Campi Flegrei
caldera. b A schematic diagram of tidal stress time series with posi-
tive and negative domains are shown, respectively. Yellow stars rep-
resent hypothetical earthquakes. ¢ The schematic phase plots are
denoted with different colours for the 50%, 100%, 150%, and 200%

Nexpectea 18 the number of expected events, i.e., the number
of events under positive tidal stress conditions, assuming
the random distribution of events at times. Ny yeq 1S the
observed number of events during positive stress conditions.
Positive N, values suggest an excess of events, and negative
N, values suggest a deficiency of events under positive tidal
stress conditions (Cochran et al. 2004; Thomas et al. 2012;
Sahoo et al. 2021). The results are represented using a polar
bar chart for the declustered seismicity catalogues during
the SRI and HRI by combining the phases of all the seismic
events in 10° bins. Each bin is normalized by the expected
number of events in the respective range based on the dis-
tribution of tidal stress (Fig. 8d). Therefore, the concerned
colour scale of the polar bar chart represents the ratio of the
observed and expected number of events (N, + 1) for the
particular range of phase (Fig. 8d). Also, the expected value
has been represented as the different colour patterns for dif-
ferent percentage values (50, 100, 150, and 200) (Fig. 8c).
When the ratio of the events or the radius of the bin in the
polar bar chart is more than 100% expected value, it suggests
a strong correlation between tidal stress with the events. We
observe that the seismicity that occurred during the HRI
has a more significant correlation with the horizontal NS
tidal stress (Fig. 8d). The positive N, values and the ratio
of observed to expected events above 100% expected value
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expected value bins which represent the N, +1 ratio percentage of
the events. d Phase plot of declustered catalogue (Mc= —0.3) for the
different phases of inflation (i.e., SRI (left) and HRI (right), respec-
tively). The N,, percentage for each plot is shown at the bottom of
each plot

colour pattern suggest that the excess number of events
occur during extensional horizontal NS stress. From this,
we can infer that during extension, the pore spaces were
dilated, thus facilitating the movement of hydrothermal flu-
ids and generating brittle deformations due to the pressure
increase. This enhanced the gas emission at the Solfatara
crater during the HRI compared to the SRI, consistent with
the experimental observations by Chiodini et al. (2021).

Fault resonance process on magma chamber
inflation

Although periodic tidal loading and seasonal rainfall-
induced stress perturbation are at the order of Pa to kPa
range, the domain remains sensitive to resonance desta-
bilization and seismicity modulation under rate-and-state
friction (RSF) (Perfettini et al. 2001; Senapati et al. 2022,
2023). To probe the exact frictional condition and sensi-
tivity of the triggering potential of the seismicity at the
CF caldera, a long-period and short-period exogenous
process-induced resonance destabilization model was
developed (modelling approach described in Supplemen-
tary Text). We have tested the possibility of resonance
amplification assuming RSF and looked for the model
parameters that could justify resonance amplification and
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Fig.9 Variations of the best-fit parameters of ¢, dc, 7/Tc, Rc/T, and
C as a function of the A parameter for the present case. The best-fit
model value corresponds to the red square, and the blue circles define
the range of acceptable model values (Tables S3 and S4). We con-
sidered forcing a semi-diurnal period for the short-period modulation
and an annual period for the long-period modulation (characteris-

seismicity modulation at the CF (Fig. 9). To character-
ize the resonance destabilization mechanism related to
exogenous seasonal rainfall and tidal-induced stress per-
turbations, three criteria need to be satisfied. The period of
excitation (7) must be close to the critical period of excita-
tion (7,), the length of the fault patch (R) must be close
to the critical length of the fault patch (R.), and finally,
the cost function (C) should be very close to zero along
with the critical slip distance (d,). The value of frictional
parameters “a” and “b” are determined from the laboratory
experiments which define the stability of the fault zone by

tic size R=4 km; depth, z=2 km), considering the variable degree
of magma chamber inflation during the SRI and HRI, respectively
(SRI~5 mm/year and HRI~25 mm/year). Inset shows a model of
exogenous processes on a block moving on a plane with rate (V),
inflation rate (V|), and resistance (K) with the block providing normal
stress (o,,) and shear stress (7) on the plane

the corresponding “b —a” value (Scholz, 1998). Also, the
rational parameter € can defy the stability of the zone as
it is the ratio of b — a to a. Figure 9 represents the derived
values ¢, d,, T/T., R/R_, and C as a function of controlling
parameter A (product of frictional constant parameter a
and effective normal stress o,). For this computation, we
assume specific periods of resonance modulation as long-
period annual (seasonal stress perturbation), short-period
semi-diurnal (tidal stress perturbation M2) (time period
T as annual =1 year and semi-diurnal M2 =12.42 h), and
depth z as 2 km considering the variable degree of magma
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chamber inflation during the SRI and HRI, respectively
(SRI~5 mm/year and HRI~25 mm/year).

The best-fit model parameter corresponds to the red circle
symbol, and the blue circles represent the range of admis-
sible models for which the cost function is reasonably small
(Fig. 9). All the panels in Fig. 9, except the short-period
tidal stress perturbations during the SRI, show only a lim-
ited range of A yields to low values of the cost function C.
From this, it appears that for the resonance model to apply
to the rest cases, d, should have a narrow range of variations
from 107° to 107 m (Fig. 9, Table S3, S4). The estimated
value of d_ is consistent with the laboratory value of d. from
the rock friction experiments (Marone 1998). As b=1+e,
which indicates that 2 is close to 1. In the RSF framework,
the region is expecteﬁ to exist at the zone of destabilization
during the HRI for both seasonal and tidal stress perturba-
tions, whereas during the SRI, the destabilization zone exists
only for seasonal perturbations.

Moreover, the parameter A =ao * varies in the range of
10° — 10* Pa (Fig. 9, Table S3, S4). From that, we have
calculated the effective normal stress as o, = %, assuming
a=10"*—-1072 as in laboratory experiments (Marone 1998).
It has been observed that the effective normal stress is very
low compared to the lithostatic stress (Tables S3, S4), indi-
cating the presence of high pore pressure at the CF caldera
during cases of resonance destabilization. Therefore, we
can infer that during the HRI, both seasonal (long-period)
and tidal (short-period) perturbations can be responsible for
resonance destabilization and seismicity modulation. Still,
during the SRI, only the seasonal (long-period) perturba-
tions provide the resonance destabilization process for seis-
micity modulation.

Discussions
Inflation variations at the CF caldera

Globally, it has been noted that the majority of volcanic
unrests are followed by eruptions (Newhall CG & Dzuri-
sin D (1988); Phillipson et al. 2013); however, the unrest
events are not multiple and episodic without eruptions, as
in the exceptional case of the CF caldera. Here, major and
small episodes of uplift and subsidence occurred during the
CF caldera history without any eruption. The horizontal
displacements are crucial for depicting the source of the
inflation (Bevilacqua et al. 2015). For the considered study
timespan (i.e., 2005-2019), on a long time scale, the infla-
tion rate varies significantly in the pre- and post-2014 inter-
vals (i.e., SRI and HRI). In addition, small and short-time
episodes of uplift can be observed too (i.e., 2006 and 2012)
(Fig. 1). The observed and modelled displacements that we
obtained during the HRI show that the source of deformation
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is beneath Solfatara crater (i.e., the location of the spherical
source in the finite modelling) (Fig. 2). The estimated dis-
placements from the model well-fit the observed ones dur-
ing the HRI (Figure S10). On the other hand, the estimated
displacements have minor mismatches with the observed
values during the SRI (Figure S9). Such dissimilarity in the
observed and the estimated values may be due to the occur-
rence of the small uplift episodes of 2006 and 2012 (De
Martino et al. 2014; Lima et al. 2021). In fact, the superpo-
sition of different components associated with the source
dynamics can produce a deviation of the deformation pattern
from the background trend (Falanga et al. 2023).

Several studies on the source of the surface deforma-
tion were carried out by analysing displacement observa-
tions from InSAR and GNSS, using different techniques.
Such studies aimed at the source modelling (Amoruso et al.
2014a, Amoruso et al. 2014b, Amoruso and Crescentini
2022), providing constraints on the mechanisms of ground
deformation (Manconi et al. 2010; D'Auria et al. 2011; Tra-
satti et al. 2015) and on the possible location of vent open-
ing (Bevilacqua et al. 2020). D'Auria et al. 2011, D’Auria
et al. 2015) suggested the presence of magma emplacements
at depths around 3—4 km represented by igneous sill-like
structures which are formed due to short or medium erup-
tions resulting from the magma injections at different times
(Trasatti et al. 2015). Further, the expansion of volatile gases
and/or expansion of the magmatic emplacements can be the
causes of deformations, as recently suggested by Nespoli
et al. (2021) who explained the inflation by the expansion of
the gas-filled thermo-poro-elastic (TPE) inclusions or frac-
tured reservoir rocks in nature.

Taking into account these extensive studies and the
results of our modelling, we infer that the observed ground
deformation at CF caldera is sourced by the expansion of a
relatively small volume located at a depth between 2.8 and
3.7 km within the Solfatara hydrothermal system. The pres-
surization of this reservoir is likely induced by magmatic
fluid injections from the deeper magma body located below,
or by an increased degassing rate of the reservoir due to the
mixing of hydrothermal fluids. The depth variation during
the different time intervals (SRI and HRI) could be due to
the change in the rate of inflation of the finite point source,
as an increase/decrease in inflation during the HRI/SRI pro-
vides the depth estimates in a lesser/greater range. So in fact,
the interaction of a finite body with the surface is generally
in the form of expansions (e) which is a power of the radius
(a) to depth (z) ratio (e=a/z). As we have used constant
radius values for the two intervals (SRI and HRI), the varia-
tion of the source depth can be an artefact due to the actual
change in the source radius due to inflation (Supplementary
Text, Figure S12, S13). The observed variation is within the
accepted range of the chi-square estimation values derived
from the correlation between depth and pressure change
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(Supplementary Text, Figure S9). In any case, the difference
of about 1 km of depth between the SRI and HRI would not
affect the proposed interpretation of inflation of the shallow
reservoir. Despite its limits, the model is sensitive enough to
quantify the volumetric changes of the deformation source in
the SRI and HRI, providing useful constraints on the infla-
tion processes.

Response of the hydrothermal system to exogenous
processes

From the periodicity analysis of the physical observations,
we observed that the atmospheric pressure, temperature, and
rainfall exert maximum seasonal stress, and the tidal stress
perturbations exert maximum semi-diurnal and diurnal
stress on the CF caldera system (Fig. 3). Indeed, the vol-
canic and hydrothermal systems are sensitive to exogenous
sources (Hainzl et al. 2006; Farquharson and Amelung 2020;
Chiodini et al. 2015; Hamilton 1973; Mcnutt and Beavan
1987; Rydelek et al. 1988; Sahoo et al. 2022), especially
when they are in a nearly critical state (Petrosino et al. 2018;
Sahoo et al. 2021; Petrosino and Dumont 2022; Dumont
et al. 2022a).

CF caldera has experienced multiple major unrests
characterized by rapid inflations (Lima et al. 2021), which
are accompanied by an increase in the CO,/H,O ratio and
seismicity (Chiodini et al. 2012, 2021). This testifies to the
importance of fluid movement and magmatic gas emissions
in the inflation/deflation phases of the CF volcanic system.
The seismicity occurs at shallow depths (2-3 km), above
the deeper (> 6—7 km) magmatic emplacements promoting
brittle deformations in the surficial rocks. The mechanism
of such brittle deformation has been explained by invok-
ing gas movements in the shallow reservoir and emissions
associated with thermodynamics and crystallization as
well as fluid exsolution (Lima et al. 2009; Chiodini et al.
2017, 2021). The responsible processes for such seismicity
modulations can be related to the exogenous processes as
previously explained. So, the seasonal recurrence and short-
period tidal periodicities that we observe in the seismicity
suggest that the exogenous processes such as rainfall and
associated pore pressure changes, atmospheric pressure and
temperature, and tidal loading affect the fluid circulation at
the shallow hydrothermal reservoir of the CF volcanic sys-
tem. This also affects the dynamics of fracture propagation
and the generation of additional deformations that increase
gas emission as well as seismicity.

Rainfall-induced modulation and associated pore
pressure change

The mechanisms of hydro-mechanical coupling between
rainfall and ground include the load from the added

water mass or the diffusion-related pore pressure change
and induced instability of the low-permeability cap rock
(Kiimpel et al. 2001; Lesparre et al. 2017; Petrosino et al.
2021a). At CF caldera, the possible interaction of meteoric
water and hydrothermal fluids contributes to the evolutions
of the fluid movement and gas transfer (Chiodini et al. 2017;
Petrosino et al. 2018) and, as a consequence, to the modu-
lation of the seismicity. Indeed, the comparison between
rainfall and raw seismicity time series suggests a close rela-
tionship during both SRI and HRI (Fig. 5). The seismicity
distribution well matches the pore pressure change related
to the rainfall amount (Fig. 5b and c). This is particularly
evident during the HRI when most part of earthquakes occur
in time intervals characterized by high changes in pore pres-
sure (Fig. 5c). Likely, during the wet season, the effect of
rainfall infiltration and pore pressure changes is dominant
compared to both endogenous sources and exogenous pro-
cesses of other nature.

Although we observe a delay in the correlation related to
the percolation towards the fluid reservoir, the correlations
are significant for both raw and declustered seismicity cata-
logues during the SRI (Fig. 6a and b). From the observed
delay, we can expect that the rainwater infiltration into the
low-permeability caprock and alteration of pore pressure
takes from months to weeks in the case of low-permeability
rocks which is also evident in the lag correlation between
rainfall and associated pore pressure change (Hainzl et al.
2006; Wang et al. 2012; Petrosino et al. 2021a) (Figure S16).
The seasonal induction of the pore pressure change over a
long period generates enough force to impact the endog-
enous processes of deformation due to volatile expansions.
On the contrary, as suggested from the behaviour of the seis-
micity, during the HRI, the endogenous processes are much
more dominant and can be modulated by the combination of
seasonal rainfall and tidal loadings producing short-period
periodicity as better explained in the next section.

Tidal loading-induced modulation and deformation
mechanism

Diurnal, fortnightly and monthly tidal periodicities in
ground deformation and seismicity have been observed at
CF caldera (Petrosino et al. 2018; Falanga et al. 2019). Spe-
cifically, Petrosino et al. (2018) found semi-diurnal periodic-
ities in the earthquake rate that occurred from 2005 to 2016;
however, they did not distinguish between tidal modulation
effects in the low and high rate of inflation because they did
not separate the investigated time interval. In our work, we
have taken a step forward because we observe the semi-diur-
nal periodicity only in the declustered catalogue during the
HRI. This provides strong evidence that short-period tidal
triggering dominates in the HRI (Fig. 7). Further, the tidal
stress correlation in the bar chart and N, values suggests
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the occurrence of events during extensional horizontal NS
stress (Fig. 8). This gives an idea about the mechanism that
the extensional horizontal stress creates fractional openings
in the pore spaces, which helps in the movement of hydro-
thermal exsolved fluids (De Lauro et al. 2013; Falanga et al.
2019).

The exothermic expansion of volatiles in the low per-
meability cap rocks of the aquifer widens the openings
and creates interstitial pathways for the volatile-rich fluids
(Lima et al. 2009; Chiodini et al. 2021). This phenomenon
is only possible when the hydrothermal fluids are highly
confined by the low permeability cap rocks and experience
an expansion of the exsolved gaseous volatiles. We suggest
that during the HRI, the amount of exsolution of volatiles
is high, and exothermic expansion of the exsolved volatiles
progressively achieves the gaseous or supercritical phase of
the volatiles. Now, the movement of the volatile-rich fluid
is significantly restricted by the low permeability cap rocks,
which highly inflate the shallow hydrothermal reservoir and
contribute to the increase in the rate of inflation of the res-
ervoir and surface displacements. The isobaric expansion of
the reservoir generates decompression of the pore spaces for
the movement of the volatile-rich fluids. The tidal decom-
pressions contribute to the expansions of pre-existing pore
spaces and openings. This leads to a fractional opening in
the cap rock, generation of the movement of the fluid into
fractures, and squeezing out of the low-permeability rocks.
The fluids circulating through the openings reach the end of
the low permeability cap rock, impart maximum pressure on
the wall due to expansions, and depart by generating brit-
tle deformations in the rock. The fluids then precipitate in
the openings, again sealing them, and the inflation gradu-
ally increases. This is also synchronous to the time intervals
when enhanced gas emissions occur (Chiodini et al. 2015),
as well as with the occurrence of seismicity due to brittle
deformations accompanying the gradual inflation of the sys-
tem. According to our results, the combined effect of rainfall,
pore pressure increment, and tidal forcing increases the load
at the aquifer due to water infiltration and induces instability
of the reservoir host rock. This provides high magnitudes
of confining stress to the hydrothermal reservoir, which is
already constricted by the aquifer cap rock (Fig. 10). Thus,
during the opening phase driven by extensional NS horizon-
tal tidal stress, the hydrothermal fluids circulate through the
openings and reach the permeable zone. This mechanism
can trigger part of the seismicity, as already shown by Pet-
rosino et al. (2018), Falanga et al. (2019), and Ricco et al.
(2019). Although the effects of the Earth’s tide have been
previously reported in those works, the tidal modulations
that we observed only in the HRI highlight the processes
involved in the highly inflated and critically stressed system.
We have tried to explain these processes through the fault
resonance phenomenon.

@ Springer

Modelling the mechanism of exogenous modulation
in the CF unrest context

Rainfall and tidal loadings are the most common and effec-
tive long-period (seasonal/annual) and short-period (diurnal/
semi-diurnal) natural forces, respectively, that exert substan-
tial loading/unloading on the Earth’s surface. The CF caldera
experiences moderate amounts of rainfall (~ 120 mm per
month during wet seasons) and appreciable tidal loading
(~1to 1.2 kPa) as exogenous stress (Petrosino et al. 2018).
In this context, our results provide evidence that, besides
endogenous processes, exogenous sources also contribute
to modulating ground deformation in the reservoir rocks
and the associated seismicity. On the basis of the results,
we have proposed a fault resonance model able to explain
the complex multiple driving mechanisms undergoing in the
CF caldera system, whose different responses appear to be
dependent on the rate of inflation. A schematic representa-
tion of the outcomes of this model is shown in Fig. 10. The
complex association of the seismicity and rainfall and its
variation throughout the year can be referred to as a failure
mechanism, modulated by the seasonality, and enhanced by
the crustal structure of the region. Indeed, the CF caldera
hosts shallow aquifers (Solfatara, Pisciarelli), thermal water
springs (Agnano basin), and crater lakes (Astroni, Avernus)
whose water flow rate is increased by the meteoric input.
Moreover, seawater infiltration from the bay of Pozzuoli is
favoured by the seasonal change in mean sea level associ-
ated with the reduction in atmospheric pressure, which usu-
ally occurs during rainfall periods (Palumbo and Mazzarella
1982; Scafetta and Mazzarella 2021; Dumont et al. 2022b).
All these exogenous processes contribute to the increase of
the hydrostatic load and pore pressure build-up (Palumbo
and Mazzarella 1982; Petrosino et al. 2018), which is maxi-
mum during the wet seasons. The interaction of meteoric
water with magmatic fluids and the increase in pore pressure
contribute to the instability of the soil and low-permeability
reservoir rocks, accelerating the deformation and the associ-
ated seismicity. This would explain the observed good cor-
relation between the seismicity and rainfall amount (Figs. 4
and 6).

The pore pressure change due to rainfall and the dominant
endogenous processes related to magmatic and hydrothermal
fluid migration provide sufficient pre-requisite stress condi-
tions to force the reservoir into a critical state. In this condi-
tion, although the tidal loading amplitudes are not very high
(1-1.2 kPa) at the CF caldera, the reservoir becomes prone
to tidal triggering (Petrosino et al. 2018; Sahoo et al. 2021),
which does not require any threshold of loading amplitude
(Ziv and Rubin 2000). This is also supported by fault reso-
nance modelling analysis which suggests that a high inflation
rate (as during the HRI) can make the magmatic system
sensitive to tidal deformation. The existence of such tidal
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Fig. 10 Schematic representation of different exogenous processes
(short-period tidal stress and long-period seasonal load) acting on
the Campi Flegrei caldera and associated lithology, different features
such as fault planes with a cross-sectional view. Inset shows the rep-
resentation of possible mechanisms of short- and long-period exog-

effects on the CF reservoir dynamics at the CF caldera has
been already ascertained by the ground tilt analyses (Falanga
et al. 2019). The tidal correlation on a semi-diurnal time
scale that we observed in the declustered seismicity sug-
gests that although the swarms or clusters of earthquakes
are mostly due to rainfall-induced pore pressure variations
and pre-existing endogenous processes resulting in ground
deformation, the declustered or primary events are triggered
by tidal loading on the CF caldera.

At CF caldera, past studies have already provided evi-
dence of the combined forcing of rainfall and tides on

enous processes for seismicity modulation during the SRI and HRI.
During the HRI, the higher inflation rate due to higher displacements
can generate both long- and short-period modulations, whereas in the
case of the SRI, the lower displacements and lower inflation rate can
only generate long-period modulations

the endogenous processes (Chiodini et al. 2021; Falanga
et al. 2019; Petrosino et al. 2018), yet, such experimen-
tal observations have not been interpreted in the frame
of a physical model which could account for the mecha-
nisms of the interactions. Our proposed model based on
fault resonance destabilization explains the disparity in
the behaviour of the seismicity in response to the differ-
ent exogenous sources of stress perturbations during the
SRI and HRI. In fact, according to the model, the SRI is
only capable of destabilizing the volcanic system at the
long period (annual, related to rainfall cycle) periodicity,
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whereas the HRI can resonate destabilization in both long
(long-period, annual) and short (short-period, semi-diur-
nal, related to tidal cycle) periodicity (Figs. 9 and 10).

Conclusions

The results of the present study, corroborated by robust
statistical analyses, provide new insights into the variable
degree of inflation (SRI and HRI) of the CF magmatic sys-
tem and the associated seismicity modulation due to exog-
enous process-induced feedback mechanisms. The current
study suggests that the seismicity occurs at the shallow
and gas-rich fractured impermeable rock layer, where,
the fluid exsolution from the magma crystallization and
volumetric expansion of volatiles generate brittle deforma-
tions along the fracture zones before outgassing. From the
modelling results, the source of surface deformation was
found to be due to the inflation of shallow hydrothermal
reservoirs. However, we understand that discrimination
between a pressurization due to magmatic injections of
fluid or an increase of pressure due to degassing from the
mixing of hydrothermal fluids required additional con-
straints from other geological, geophysical, and geochemi-
cal observations. During the expansion and deformation,
the fracture propagation due to outgassing and the sealing
of fractures by crystallization and deposition continue in a
cyclic manner. This makes the reservoir critically stressed
and therefore more sensitive to exogenous processes. The
external sources (acting on both long- and short-period)
do not affect the general trend of inflation and rate of the
uplift but are effective in generating cyclic fracturing and
sealing of the hydrothermal system, thus modulating the
seismicity simultaneously. Additionally, long-period sea-
sonal modulations are observed during both the SRI and
HRI, whereas short-period (semi-diurnal tidal) modula-
tions are only detected during the HRI. We suggest that the
tidal horizontal NS decompressions provide an additional
extension to the volatile gas expansions and contribute to
fracture propagation in the weakly permeable layer. For
the first time, we proposed a physical model, the resonance
destabilization model, which is able to explain the effects
of the external forcing on the magmatic system and sup-
ports the hypothesis of sensitivity to different periodic per-
turbations during the evolution of the degree of inflation
of the system. This observation of variation in modulation
due to exogenous processes and associated deformation
mechanisms during the degree of inflation of the magma
chamber is unique and also represents a complex interplay
between exogenous and endogenous processes on the CF
caldera dynamics and hydrothermal system.
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Datasets and codes availability statement

The topographic map presented in Fig. 1 has been generated
using the Global Multi-Resolution Topography (GMRT)
by rectangular area search with GeoTIFF output (https://
www.gmrt.org/GMRTMapTool/). The tidal stress is com-
puted using the SPOTL (Some Programs for Ocean-Tide
Loading), SIO Technical Report, and Scripps Institution of
Oceanography (Agnew 2012) (version 3.3.0.2; https://igppw
eb.ucsd.edu/~agnew/Spotl/spotlmain.html). The figures are
generated by Grapher graphical application (version 8.7.844
https://www.goldensoftware.com/products/grapher), Surfer
graphical application (version 8.7.844 URL: https://www.
goldensoftware.com/products/surfer), Generic Mapping
Tools (Wessel et al. 2019) (version 5.2.1; https://www.gener
ic-mapping-tools.org/), Python Matplotlib package (https://
www.python.org/), and Corel Draw graphical application
(version 18; https://www.coreldraw.com/en). The seismic-
ity catalogue compiled by INGV-OV for Campi Flegrei is
publicly available on the domain (http://sismolab.ov.ingv.it/
sismo/index.php?PAGE=SISMO/last&area=Flegrei). The
GNSS displacement dataset from 2005 to 2019 was taken
from De Martino et al. (2021) which is publicly archived
at the supplementary information (https://doi.org/10.3390/
rs13142725). The rainfall and atmospheric data were down-
loaded from the public archives of the Italian authority
(https://www.wunderground.com/weather/it/positano/LIRN/
date/20194, https://www.3bmeteo.com/meteo/ora/storico/
202201). The rainfall data are also collected from satellite-
derived rainfall observations from GPM (ftp://arthurhou.pps.
eosdis.nasa.gov/gpmdata/) for the pore-pressure modelling.
We have used the publicly archived ground temperature data
from the SF1 infrared thermal camera (Cusano et al. 2021b)
(https://zenodo.org/record/5109809#.Y dQqN2jMJPY) and
the publicly archived root mean square (RMS) ground tilt
data from the CMP tiltmeter (Petrosino et al. 2021b) (https://
zenodo.org/record/5196688#.YdQqP2jMJPY). The Hydro-
logical Land Surface Discharge Model (LSDM), data, and
programs are provided by the German Research Center for
Geosciences (GFZ) (http://rz-vm115.gfz-potsdam.de:8080/
repository). All relevant codes are available from the authors
upon reasonable request.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00445-024-01719-7.
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