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ARTICLE INFO ABSTRACT

Editor Name: Jing M. Chen This paper describes an approach to analyze ground deformation data collected by InSAR (Interferometric
Synthetic Aperture Radar) imaging the volcano feeding system (VFS) beneath a caldera. The approach is applied
to the Campi Flegrei caldera in southern Italy, a densely populated area at high risk for volcanic eruption. The
method is a 4D tomographic inversion that considers a combination of 3D pressure sources and dislocations
(strike-slip, dip-slip and tensile) acting simultaneously. This is in contrast to traditional methods that assume a
priori geometries and type for the volcanic source. Another novelty is that we carry out a time-series analysis of
multifrequency InSAR displacement data. The analysis of these multiplatform and multifrequency InSAR data
from 2011 to 2022 reveals an inflating source at a depth of 3-4 km that is interpreted as a pressurized magmatic
intrusion. The source broadens and migrates laterally over time, with a possible new magmatic pulse arriving in
2018-2020. The model also identifies a shallow region (at 400 m depth) that may be feeding fumaroles in the
area. The analysis also reveals a zone of weakness (dip-slip) that could influence the path of rising magma. This
method provides a more detailed dynamic 4 - dimensional image of the VFS than previously possible and could
be used to improve hazard assessments in active volcanic areas.
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1. Introduction which can be detected by several methodologies, such as the geodetic

measurements. In recent decades there has been a notable increase in

More than 800 million people live within 100 km of a volcano with
the potential to erupt (Loughlin et al., 2015), which means a significant
risk of destruction for property and infrastructure and loss of lives.
Detecting the ascent of magma from depth and its accumulation in a
shallow and/or intermediate reservoir can provide a warning for future
eruptive activity (Sparks et al., 2012; Fernandez et al., 2017); one of the
major implications of the ascent of magma is the deformation at surface,
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the number and quality of volcano geodetic data that significantly
extended the spatial and temporal resolution and coverage (see e.g.,
Anderssohn et al., 2009; Arab-Sedze et al., 2014; Jo et al., 2015;
Kubanek et al., 2015; Chen et al., 2017; Deng et al., 2019; Pepe et al.,
2019; Di Traglia et al., 2021; Saroli et al., 2021; Poland and Zebker,
2022; Fernandez et al., 2022; Amoruso and Crescentini, 2023; Naranjo
et al., 2023; and references therein).
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Fig. 1. Seismic and geodetic data. (a) Shaded relief map of CFc SRTM-DEM (https://dwtkns.com/srtm30m/ UTM-WGS84 projection zone is 33 N) and 2011-2022
seismicity (green circles); the circles are scaled in size with different magnitudes along EW and NS vertical sections. The dashed blue line represents the Brittle/
Ductile transition (from Castaldo et al., 2019); magenta lines show the outcropping faults, the Campanian Ignimbrite (CI) and Neapolitan Yellow Tuff (NYT) caldera
borders and outer/inner rims (after: De Siena et al., 2017; Natale et al., 2022; Natale et al., 2024; modified). The magenta triangles represent the sites referred in the
text: Pozzuoli (PZ), Fuorigrotta (FR), Averno (AV), Capo Miseno (MS), Astroni crater (AS), Solfatara crater (SF), Pisciarelli fumarole spring (PI), Bacoli (BA) and San
Vito (SV). (b) Vertical displacement time series (black line) recorded by ¢GPS RITE (RIone TErra, RT) station in the 2011-2022 time interval. The green circles
indicate the seismicity with different sizes (magnitude). The shadowed blue region marks very-low seismic frequency intervals. The grey bars specify the time in-

tervals of multiplatform SAR acquisitions shown in Fig. 2.

Multi-platform radar remote sensing of volcanic areas is a valuable
tool to detect ground deformation at volcanos and to infer the geometry
of a Volcano Feeding System (VFS), which is essential information for
detecting and characterizing unrest and eruption episodes. The avail-
ability of long-term (spanning decades) deformation data from satellite
observations, with an extensive spatial coverage and high spatial reso-
lution, opens new possibilities for volcano monitoring (Sparks et al.,
2012; Fernandez et al., 2017; Widiwijayanti et al., 2024). These new and
large datasets cannot be wholly exploited using the classical approach
for interpretation (Bonaccorso et al., 2005; Lisowski, 2007; Camacho
and Fernandez, 2019; Crozier et al., 2023), and there is a real need for

new approaches for analyzing, modelling and interpreting (Fernandez
et al., 2017; De Matteo et al., 2022; Barone et al., 2022a, 2022b). The
classical approaches usually assume a priori geometries and nature of
the source, inverting separately for the different sources when more than
one is considered. Additionally, complicated ground deformation pat-
terns are present in many volcanic active areas due to the simultaneous
impact of multiple natural magmatic/hydrothermal and anthropogenic
sources (Troise et al., 2019; Camacho et al., 2020 and references
therein). For this reason, it is necessary to consider distributed sources
acting simultaneously for an interpretation of the observed surface
deformation during the inversion of the geodetic data.
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Flowchart 1. Employed method. The number in brackets indicates the manuscript sections.

In this paper, we applied this methodology to one of the most
deforming and densely populated volcanic area in the world, the Campi
Flegrei caldera (CFc), in Southern Italy (Chiodini et al., 2012; Castaldo
et al., 2019; Siniscalchi et al., 2019; Petrillo et al., 2023). A resumption
of its eruptive activity might involve the potential evacuation of more
than 500,000 people and damage to more than 2400 buildings, up to
200 km of roads, and 17 km of the high-voltage electricity network
(Charlton et al., 2020) in the CFc area. Therefore, the study of the VFS
and its spatial-temporal evolution is a key point to improve the under-
standing of a future eruptive scenario. In particular, we apply the
geodetic tomographic inversion approach already used to other vol-
canoes [Mt. Etna, Italy, and Cumbre Vieja, La Palma, Canary Islands,
Spain (Camacho et al., 2020; Fernandez et al., 2021, 2022, 2024)] to
carry out a 4D imaging of VFS geometry and its time evolution. This
inversion method, unlike to traditional approaches, considers a combi-
nation of 3-D arbitrary sources for pressure and dislocations (strike-slip,
dip-slip and tensile), which can act simultaneously and are adjusted

without any a-priori hypotheses on the nature, shape or positioning of
the source (Fernandez et al., 2022, 2024). A time-series analysis is done
allowing to study the time evolution of the sources.

Past and recent studies employing different inversion techniques (see
e.g., Dzurisin, 2007; Fernandez et al., 2009; Sigmundsson et al., 2010;
Camacho et al., 2011; Samsonov et al., 2014; Cannavo et al., 2015;
Tizzani et al., 2015; Camacho et al., 2020; Fernandez et al., 2017;
Fernandez et al., 2021; and references therein), allowed detecting the
shallow region of the VFS (0-5 km) and part of the mid-crustal portion
(5-10 km) at specific time intervals (see e.g., Fernandez et al., 2001;
Dzurisin, 2007; Trasatti et al., 2008; Gonzalez et al., 2013; Camacho and
Fernandez, 2019; and references therein), although the spatial-temporal
coverage of the deformation data and the inversion limitations interfere
with resolution in depth.
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1.1. Campi Flegrei caldera: Background and recent activity

CFc is a volcanic field at least 80 ka old, characterized by a nested
collapsed caldera structure (Luongo et al., 1991; Cubellis et al., 1995;
Vitale and Isaia, 2014), and dotted by several volcanic edifices and
structural alignments (e.g., Di Vito et al., 2016) (Fig. 1a). The caldera
structure is the result of at least two large eruptions, namely the Cam-
panian Ignimbrite (Gallo et al., 2024) at 39 ka and the Neapolitan Yel-
low Tuff (Orsi et al., 1992) dated at 14.5 ka.

The long-term caldera deformation, observed since 10 ka (Isaia et al.,
2009; Natale et al., 2022), has been characterized by alternating slow
subsidence phenomena and rapid resurgence phases of the caldera floor
and preceded Mt. Nuovo eruption (1538 CE; Di Vito et al., 2016). Since
1905, the ground-based topographic levelling networks, recently inte-
grated with a Global Navigation Satellite System (GNSS) monitoring
network and satellite data, have been recording the unrest episodes
affecting the inner caldera area (Del Gaudio et al., 2010). Major uplifts
of 170 and 180 cm were estimated at Pozzuoli harbor in 1970-71 and
1982-85, respectively (De Natale et al., 2006; Del Gaudio et al., 2010).
This latter unrest episode was followed by three distinctive displacement
phases: (i) prevailing long-term subsidence (1985-2000) detected via
high precision spirit-levelling measurements (Dvorak and Berrino, 1991;
Del Gaudio et al., 2010) and satellite data (Lanari et al., 2004), (ii) low
deformation rates (2000—2012), detected via GNSS measurements and
geochemical data (Petrillo et al., 2023) interrupted by a series of high-
frequency mini-uplift episodes (2000; 2005; 2012) and finally (iii) a
new uprising background upheaval, detected via GNSS measurements
and satellite data (Pepe et al., 2019; Castaldo et al., 2021; Polcari et al.,
2022). From 2011 to 2018, GNSS data at RITE station revealed a
considerable uplift with an average deformation rate of about 9 cm/
year, except for the 2013.2-2014.6 and 2016.8-2017.4 periods (green
shadow interval in Fig. 1b), when a substantial deceleration was
detected (Charlton et al., 2020; Pepe et al., 2019; Castaldo et al., 2021;
Bevilacqua et al., 2022; Polcari et al., 2022; Falanga et al., 2023; Petrillo
etal., 2023). Subsequently, in the 2017.5-2022.5 time interval (Fig. 1b),
an acceleration of uplift with an average deformation rate of about 11
cm/year occurred (e.g., Bevilacqua et al., 2022; Vitale and Natale,
2023).

Regarding the thermo-rheological conditions of the crust beneath the
caldera, Castaldo et al. (2019) demonstrated the presence of a primary
thermal source located beneath Pozzuoli Bay, reaching a temperature of
about 800 °C at a depth of 6 km. The same isotherm is situated outside
the caldera region at a depth of about 20 km, revealing a higher hori-
zontal gradient of temperature (see figs. 5 and 9 of Castaldo et al., 2019).
This thermal distribution produced a Brittle/Ductile (B/D) transition at
a shallower depth beneath the caldera floor. More than 90 % of the
recorded seismic events are located above the B/D transition. Zollo et al.
(2008), starting from the modelling of magma properties, based on
measured seismic velocities, identified a melting zone with a relatively
high melt percentage in the 65-90 % range, whereas shallower and
smaller melt-rich portions were likely hindered by the resolution of the
employed methodology. The horizontal extension of this melt layer
spans at least 30 km?, with an approximate thickness of 1 km, located at
about 8 km depth; above this depth, several authors have proposed an
oblate-like spheroid source ENE-WSW slightly oriented (Woo and Kil-
burn, 2010; D’Auria et al., 2015; Di Vito et al., 2016; Castaldo et al.,
2021; Bonafede et al., 2022; Amoruso and Crescentini, 2023). These
results are also consistent with the observed distribution of earthquake
hypocenters (Fig. 1a). Along the coast, the innermost region of the
caldera is affected by clustering of seismicity, with more than 90 % of
earthquakes localized between 1 and 4 km depth, most of them localized
in the Solfatara-Pisciarelli area (e.g. Isaia et al., 2021; Scotto di Uccio
et al., 2024). Accordingly, the spatial distribution of the strain and en-
ergy release reaches a maximum of about 2 km and becomes negligible
below 3 km depth (Castaldo et al., 2019). Intense seismic activity is also
observed during these deformation unrests. Fig. 1a shows the relocated
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seismicity recorded in CFc by the INGV-Osservatorio Vesuviano network
since 2011; this catalogue includes more than 2000 volcano-tectonic
earthquakes with a magnitude greater or equal to zero (Tramelli et al.,
2022). Their spatial distribution shows depths above 8 km and a low
magnitude cluster below Solfatara/Pisciarelli (SF/PI) areas at shallow
depths usually above 3 km b.s.l.. Another seismogenic area is high-
lighted offshore with an NW-SE epicentral distribution, where the
recorded earthquakes have hypocentral depths between 2 and 4 km b.s.
l.. These areas were identified during the 1982-84 bradyseismic crisis
(D’Auria et al., 2011). An increase in the number and magnitude of the
recorded earthquakes occurred from 2011 to 2022 (Fig. la). These
earthquakes have been relocated and delineate the inner caldera fault as
shown in Scotto di Uccio et al. (2024). Two intervals with an abrupt
decrease in seismic activity have also been observed (between 2013 and
2014 and around 2017), and this occurred in correspondence with a
reduction of the deformation rate as well (Fig. 1b) (Bevilacqua et al.,
2022).

2. Methods

The integrated methodology employed in this paper is summarized
in Flowchart 1 and described below. Starting from the multiplatform
data, we processed satellite data from Cosmo-Sky-Med (CSK) and
Sentinel-1 (S-1) platforms acquired along ascending and descending
orbits. Both sets of data were used as input for the geodetic tomographic
inversion process, providing us a spatial-temporal distribution of pres-
sure and dislocation sources within the crust.

To fully exploit the spatial-temporal evolution of the ground defor-
mation pattern, we show both vertical and EW components. In partic-
ular, the vertical component is used to identify the linear deformation
intervals through the Temporal Linearity Analysis method, while the EW
component allows us to emphasize the asymmetry of ground deforma-
tion field. The estimated time windows represent the start and end
points of the identified linear deformation events. Finally, to validate the
modelled solutions we compare the achieved results against other
relevant information, including the distribution of seismic hypocenters,
the density distribution of surface structures, and results from additional
data analysis techniques such as Total Horizontal Derivative (THD) and
Finite Element (FE) stress field model.

2.1. DInSAR processing

The ground deformations of CFc have been retrieved by applying the
Differential Interferometric Synthetic Aperture Radar (DInSAR) meth-
odology (Jolivet et al., 2011; Rosen et al., 2000; Massonnet et al., 1993;
Gabriel et al., 1989) that allows generating spatially dense ground
deformation maps with a centimeter-to-millimeter accuracy. DInSAR
methods rely on the computation of the phase difference (i.e., an
interferogram) between two temporally separated SAR images, ac-
counting for the measured projection of the surface deformation along
the radar-to-target Line of Sight (LOS) direction. The results presented in
this study have been carried out by applying the multi-temporal Small
BAseline Subset (SBAS) approach (Berardino et al., 2002), which allows
detection and characterization of the temporal evolution of ground
deformation phenomena via the generation of LOS-projected ground
displacement time series and relevant displacement velocity maps over
the entire period of observation, referred to a stable pixel. To achieve
this task, SBAS implements a pixel-by-pixel straightforward combina-
tion of a selected set of multi-looked, unwrapped DInSAR interferograms
related to SAR data pairs characterized by short spatial and temporal
separations (short baselines), thus mitigating the effects of decorrelation
noise signals in the generated ground deformation products. In general,
such a preliminary SAR data pair selection might determine the entire
SAR dataset and can be fragmented into independent sets of images
separated by large baselines, which are then straight forwardly linked by
applying the Singular Value Decomposition (SVD) method. This
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primarily affects Cosmo-SkyMED (CSK) data, since Sentinel-1 (S-1) is
engineered for having a small baseline.

Our study exploits the archives of C-band and X-band SAR (1 = 5.56
cm and 4 = 3.1 cm respectively) data collected from 2011 to 2022 over
the study area from ascending and descending orbits acquired from the
CSK and the S-1 satellite constellations. The different operational carrier
frequencies of CSK and S-1 satellite data lead to specific benefits and
limitations. Indeed, the precision of DInSAR ground deformation mea-
surements rigorously depends on the wavelengths employed and is
improved at lower wavelengths (i.e., at X band); conversely, the DInSAR
phases extracted from images gathered at higher wavelengths (i.e., at C
band) are less affected by decorrelation noise artifacts. Therefore, the
joint exploitation of multi-frequency data allows for the maximum
reduction in pixel loss and reduction in error. Furthermore, the com-
bined use of multi-platform SAR data collected at different epochs en-
hances the temporal sampling of the attainable displacement products
(i.e., time series).

Specifically, for the CSK catalogue, starting from the available data,
we considered ascending and descending orbit acquisitions over the area
by using 338 and 127 images, respectively, between October 2011 and
February 2022. Complimentarily, we used the S-1 SAR data available
over CFc from October 2014 to 2022 collected through the Interfero-
metric Wide (IW) mode. In this study, we considered both the ascending
and descending orbits. The single-look-complex (SLC) SAR images were
downloaded from Alaska Satellite Facility DAAC (https://asf.alaska.
edu/), resulting in 186 acquisitions for the ascending orbit and 179
for the descending one.

Both Sentinel 1A and Sentinel 1B SAR data were considered.
Accordingly, the minimum temporal separation between SAR acquisi-
tions was 6 days. For the used CSK SAR dataset, a minimum revisit time
of 8 days was exploited.

For both SAR datasets, a sequence of short baseline interferometric
SAR data pairs were selected, with a maximum allowed temporal
baseline of 96 days and no constraints on the maximum perpendicular
baseline applied. Then, the selected SAR interferograms were generated,
unwrapped (Pepe and Lanari, 2006) and finally inverted using the SBAS
technique (Berardino et al., 2002), considering a point located in the
center of Napoli as the reference point for the DInSAR products (437175
m E, 4521791 m N). For the generation of differential SAR interfero-
grams, precise orbital information (https://slqc.asf.alaska.edu/au
x_poeorb/) was used to process the SAR data; the phase contributions
due to the topography were also reconstructed using the NASA Shuttle
Radar Topography Mission (SRTM) Version 3.0 Global 1 arc sec
(SRTMGL1) data (https://dwtkns.com/srtm30m/) of the study area.

The availability of ascending and descending SAR data sets allowed
us to generate a time series of the vertical and east-west ground
displacement components. We combined the geocoded displacement
maps computed from the ascending and descending orbits on high-
coherent points common to both orbits, considering the different
multi-platform acquisition geometries of CSK and S-1. Highly coherent
and well processed points were identified for every used SAR dataset by
computing the temporal coherence factor (Pepe and Lanari, 2006) that
jointly accounts for decorrelation noise and phase unwrapping mistakes.
More specifically, a temporal coherence threshold of 0.7 was applied to
identify the final group of high-coherent points.

2.2. Temporal linearity analysis method

To analyze the coherent information content in the processed signals,
we developed a mathematical approach to detect the temporal linearity
behaviors inside a non-linear deformation time series relevant to the CFc
case study. For this purpose, we consider the vertical component of
ground deformation in order to compare the independent CSK and S-1
datasets; we select the vertical deformation time series of the pixel with
the max amplitude. The first step of Temporal Linearity Analysis (TLA)
consists in applying a smoothing function to the time series. This step
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helps to remove the high-frequency oscillations that could be related to
the external noise source as the atmospheric artifacts or site effects. We
used a smoothing spline s with the smoothing parameter p. The
smoothing spline minimize function is reported in (1):

pZ(yifs(xi))er(l p)/(iii)dx 1)

where p is defined between 0 and 1, p = 0 produces a least-squares
straight-line fit to the data, while p = 1 produces a cubic spline inter-
polant. In our case, we used p = 0.98 to remove the high frequency
oscillations signal component.

Once the high-frequency component is removed, it is possible to
derivate the smoothed time series (s). We calculate the second-order
derivative modulus (|s"|) of (s); its maxima identify the bounds of each
time interval characterized by strongly linear behavior. The detected
maximum amplitude of |s"| will identify each linear interval, because
they are related the deformation rate changes. This approach, compared
to the classic moving average method is less affected by the high fre-
quency oscillations related to noisy dataset.

To select the different linear intervals, we fix a threshold of 0.3 cm/yr
on the deformation rate difference via trial and error: when a range has a
value less than 0.3 cm/yr, it could be merged with the previous range, if
it is higher, the range would represent a different deformation event.
This threshold allows to recognize the deformation trend related to
geodetic source from the local oscillation due to anthropogenic effects or
other shallow signals.

We also performed a linear regression analysis for each interval
estimated and the adjusted R? values are above 0.81 (0.93, 0.85, 0.99,
0.92, 0.99, 0.99, 0.99, for the C1-C7 intervals and 0.81, 0.99, 0.99, for
the S1-S3 intervals), that are showing the goodness of the method to
identify their linear behavior.

2.3. Total horizontal derivative method

The Total Horizontal Derivative (THD) technique detects the field
source boundaries and horizontal position (Blakely, 1996). The method
is based on analyzing the maxima of the horizontal gradient magnitude
that is computed from the first order x- and y-derivatives of the
considered field, recorded at the surface; in particular, the maxima
distribution highlight at the surface where the discontinuities, in terms
of the physical parameter of the detected field source (e.g. density for
gravity field, pressure/volume for deformations), occur in depth, rep-
resenting the horizontal boundaries of the sources. This is a powerful
tool that provides reliable information, especially when the lateral
contrasts of the investigated source physical parameter are abrupt and
the size/depth ratio of the detected source increases.

The THD technique has been used to analyze sources producing
different kinds of fields, such as potential fields (e.g., Florio et al., 1999;
Cella and Fedi, 2015), P-wave velocity field (e.g., Gola et al., 2021) and
deformation field (e.g., Pepe et al., 2019; Castaldo et al., 2021; Barone
et al., 2022a, 2022b). In the case of deformations, we can define the
THD,, as follows (Pepe et al., 2019):

THD,, = \/ (aw(’;’xy’ 2 )2 + (aw(’;’;" 2 )2 @)

where w(x,y,z) represents the vertical component of the ground defor-
mation at spatial coordinates (x,y,z) and horizontal derivatives are
computed through finite-difference formulas. We specify that in volca-
nic frameworks the THD,, maxima may match, not only with the surface
projection of magmatic reservoir boundaries, but also with deep struc-
tural heterogeneities. This occurs since the latter perturb the stress field
at depth, which causes a deformation field at the surface affected by
these structures, in turb behaving as secondary deformation sources (e.
g., Pepe et al., 2019; Castaldo et al., 2021; Barone et al., 2022a, 2022b).
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Fig. 2. DInSAR LOS displacement maps. (a, b) CSK LOS mean deformation velocity map along ascending and descending orbits, respectively and (c, d) the related
LOS deformation time series relevant to the pixels with maximum displacement in the Pozzuoli harbor highlighted by the black dot in (a and b). (e, f) S-1 LOS mean
deformation velocity map along ascending and descending orbits, respectively and (g, h) the related LOS deformation time series relevant to the pixels with
maximum displacement in the Pozzuoli harbor highlighted by the black dot in (e and f).

2.4. Direct modelling and inverse technique

The interpretation methodology we use (Camacho et al., 2018;
Camacho et al., 2020; Fernandez et al., 2021, 2022, 2024) considers a
combination of 3-D arbitrary sources for pressure and dislocations
(strike-slip, dip-slip, and tensile) which can act simultaneously and are

adjusted without any a priori hypotheses on the source nature, shape or
location. The approach provides deformation sources as 3D cell aggre-
gations for which the inversion process automatically assigns a source
type, magnitude values (MPa for pressure and cm for dislocations),
position and orientation (angles of dislocation planes). The inversion
approach is nonlinear and is based on an exploratory approach to the
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Fig. 3. DInSAR vertical displacement maps, superimposed on the shaded relief map of SRTM-DEM, for the first four time intervals (C1: 2011.6-2012.5, C2:
2012.5-2012.8, C3:2012.8-2013.3, C4:2014.3-2016.6), identified by the TLA algorithm. These maps were derived by combining CSK ascending and descending
orbits. (a) vertical displacement map for the C1 time interval; (b) vertical displacement map for the C2 time interval; (e) vertical displacement map for the C3 time
interval; (f) vertical displacement map for the C4 time interval. In (c, d, g, h), the vertical time series relative to the maximum vertical deformation pixel highlighted
by a yellow dot and the identified linear time intervals with different colors are reported. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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model space. This exploration is possible because of the use of a variable
scale factor. The approach starts from a 3D grid of the entire subsurface
volume divided into small prismatic cells and, using a step-by-step
growth process successively fills selected cells with an adjusted type of
deformation source and intensity values. The misfit functions are
derived by the simultaneous fit of the data (LOS ascending and
descending displacement data for all pixels) and a regularization con-
dition based on the total size (strength) of the resulting anomalous
model. A key balance factor allows a suitable trade-off between data fit
and model regularity. Correct parameter selection is based on autocor-
relation analysis of the final residuals. Planar, exact or homogeneously
distributed data are not required. An intensity value (MPa-m®) is
assigned to each of the pressure sources obtained from the inversion
process because the model equations do not allow separate pressure and
volume values without assuming a particular value for one of the two
parameters (see Methods section by Fernandez et al. (2022)).

The methodology inverts simultaneously ascending and descending
LOS displacement data from DInSAR, carrying out a time-series analysis.
Successive deformation data sets corresponding to specific epochs Tj (i
=1, ..., n) can be modelled to recover the sources evolution, a non-
standard feature in the classical approaches. Also, to consider a more
regular modelling of the time-evolution of the sources, the inversion
methodology (Fernandez et al., 2022) moves from the irregular obser-
vation data epochs, T;, to regular sampling times tj j =1, ..., m) with a
fixed sampling interval (e.g., 0.1 year). Additionally, in the inversion
approach, for each epoch LOS deformation rates (cm/yr) are used as
input deformation data values. For each pixel k, and epoch t;, it obtains
the value of deformation rate aj, dix (cm/yr) for ascending and
descending LOS respectively. Finally, for each epoch t; the methodology
gives the corresponding incremental 3D sources. This methodology in-
corporates the formulation of Geertsma and Van Opstal (1973) for
pressure sources and Okada (1985) for dislocation sources. See the
Methods section by Fernandez et al. (2022) for more details.

Using only surface deformation data, it is difficult to distinguish
between magmatic, hydrothermal, or volatile movement (Pritchard
et al.,, 2019). However, this inversion methodology has shown in its
application to the La Palma unrest and 2021 eruption (Fernandez et al.,
2021, 2022, 2024) its ability to help solve this limitation: the combi-
nation of pressure and dislocation sources provide a more accurate
description of the subsurface. In case of a volatile source, there would be
a pressure source only as inversion result, while in case of magmatic
movement scenario displacement sources should be present as well. In
the latter scenario, the magma viscosity generates a differential stress at
surrounding rocks that produces these mechanisms at once. The meth-
odology allows us to detect the ascent of magma indirectly by seeing the
inversion results in the fractures produced and used by the magma in the
ascent, as detected for La Palma.

2.5. 3D finite element stress model

In order to image the elastic stress field distribution in the crust, we
constructed a Finite Element (FE) model by considering as input the
retrieved distributed source from tomographic inversion. Specifically,
we evaluated both the spatial distribution and direction of the stress
tensor and magnitude of the von Mises stress (Castaldo et al., 2021)
criterion as effect of the action of the over-pressure source beneath the
Pozzuoli harbor (~1 km West to RT) for the C6 ~ S3 time interval; this is
the interval with the maximum cumulative vertical deformation. We
first build up the 3D model geometry considering a domain of 22 x 16 x
10 km? and using the CFc topography. Specifically, the FE geometry is
10 km wider than these values in the x-y directions to reduce the effect of
edges. Linear elastic isotropic mechanical properties were assumed, with
a Young’s modulus of 50 GPa, a Poisson’s ratio of 0.25, and a density of
2400 kg/m°. The first two elastic values represent the condition under of
assumption linearity, isotropy and elasticity of the rocks. The selected
density value is the average density of the rocks in the CFc area. The
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boundary conditions of the computational domain were chosen as fixed
constraint at the bottom side and roller conditions at the lateral sides of
the model. We discretized the computational domain using a mesh of
tetrahedral elements whose dimension ranges from 250 to 1000 m,
increasing size with depth.

Subsequently, we perform the forward model by applying a pressure
increment value of 60 MPa on the external surface of the imported
tomographic retrieved source.

3. Results
3.1. InSAR data analysis

We processed over 800 radar images acquired within the 2011-2022
time interval by two different SAR sensors namely Cosmo SkyMED and
Sentinel-1(Fig. 2).

Several studies have widely analyzed the recent ongoing uplift of CFc
(see e.g., Samsonov et al., 2014; D’Auria et al., 2015; Pepe et al., 2019;
Castaldo et al., 2021; Polcari et al., 2022), modelling from the ground
deformation signals the corresponding causative sources in the
2011-2015 time-interval. Pepe et al. (2019) have revealed that the
spatial deformation pattern is asymmetric and characterized by different
rates of deformation moving from the deformation center, close to
Pozzuoli harbor, toward the borders of the CFc. In recent decades, the
multi-platform, multifrequency, and multi-orbit SAR data have allowed
us to collect coherent spatial and temporal high-resolution imaging of
the ground deformation signals. Here, we benefit from the DInSAR data
processing along the ascending and descending orbits, retrieving LOS
mean deformation velocity maps and the corresponding deformation
time series (Fig. 2). The ground deformation patterns provided us by the
X-band (CSK) and C-band (S-1) satellite constellations are characterized
by different geometric features, as a consequence of the different look
angles and operating wavelengths of the employed sensors. To overcome
this complexity and provide a homogeneous and unitary description of
the ground deformation evolution for the considered time interval, we
analyze the results regarding ground deformation components, such as
the projection of the LOS along the vertical and the horizontal EW
components. Specifically, we performed a detailed analysis of the CSK
(Fig. 3; Fig. 4) and S-1 (Fig. 4) vertical ground deformation components
by using the Temporal Linearity Analysis (TLA) (see Methods section)
between 2011 and 2022.

The achieved results relevant to the vertical DInSAR displacements
maps and corresponding time series for CSK results highlight the
occurrence of clear uplift phases (C2, C4, C6, C7, S2, S3) alternating
with periods of low deformation rate (C1, C3, C5, S1) (Fig. 3; Fig. 4) in
agreement with GNSS data (INGV monthly bulletin).

Note that the vertical time series for CSK and S-1 are similar and
characterized by linear and homogeneous trends, e.g., C5/S1, C6/S2,
and C7/S3 (Fig. 4d, e, f, 1, m, n). Both satellites are observing the same
deformation, identifying the same process at each detected interval.

The C6/S2 interval differs from the other two (C5/S1 and C7/S3) for
the uplift rates and the time length of the detected linearity interval.
While in C6/S2, the linearity covers a time length of about three years,
which can be considered a background behavior, the C5/S1 and C7/S3
linear intervals have a shorter time duration of about one year. In this
latter case, the observed signals can be described as the effect of a
powerful process. During the first interval, the caldera was affected by a
generally broad low-intensity displacement field, with a maximum
vertical displacement that reaches a value of about 3 cm around the
Pozzuoli harbor (Fig. 4a, g). Subsequently, (interval C6/S2), the highest
intensity value of vertical displacement of about 25 cm was found
(Fig. 3b, h).

In contrast, in the area near the volcanic monogenic cones of Astroni
(AS), S. Vito (SV) and Averno (AV), the amplitude of the vertical
displacement shows a value of about 10 cm; then, between September
2020 and July 2021, the maximum uplift is about 13 cm in the area of
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Fig. 5. DInSAR EW horizontal displacement maps, superimposed on the shaded relief map of SRTM-DEM, for the first four time intervals (C1: 2011.6-2012.5, C2:
2012.5-2012.8, C3:2012.8-2013.3, C4:2014.3-2016.6), identified by the TLA algorithm. These maps were derived by combining CSK ascending and descending
orbits. (a) EW horizontal displacement map for the C1 time interval; (b) EW horizontal displacement map for the C2 time interval; (e) EW horizontal displacement
map for the C3 time interval; (f) EW horizontal displacement map for the C4 time interval. In (c, d, g, h), the EW horizontal time series and the identified linear time
intervals with different colors are reported. The blue and the purple dots in each map represent the pixels of the East and West time series. Positive and negative
deformation values represent deformation movement toward East and West, respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 6. DInSAR EW horizontal displacement maps, superimposed on shaded relief map of SRTM-DEM, for the following three time intervals: C5: 2016.7-2017.6, C6:
2017.8-2020.5, C7:2020.6-2021.6 and S1: 2016.7-2017.6, S2: 2017.8-2020.5, S3:2020.6-2021.6, identified by the TLA algorithm. These maps were derived by
combining CSK ascending and descending orbits for C5, C6 and C7 time intervals and S-1 ascending and descending orbits for S1, S2 and S3 time intervals. (a) EW
horizontal displacement map for the C5 time interval; (b) EW horizontal displacement map for the C6 time interval; (c) EW horizontal displacement map for the C7
time interval; (g) EW horizontal displacement map for the S1 time interval; (h) EW horizontal displacement map for the S2 time interval; (i) EW horizontal
displacement map for the S3 time interval. In (d, e, f), the EW horizontal time series and the identified linear time intervals with different colors are reported in (I, m,
n), as for (d, e, f) but for the S-1 EW horizontal time series component. The blue and the purple dots in each map represent the pixels of the East and West time series.
Positive and negative deformation values represent deformation movement toward East and West, respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Model Results. W-E vision of the model solutions reported in Fig. 8. Panels (a, b, ¢) for the C1 period, (d, e, f) for the C2 period, (g, h, i) for the C3 period and
(1, m, n) for the C4 period. Panels a, d, g and 1 show only the pressure source. Panels b, e, h, and m show the pressure and dip-slip sources. Panels c, f, i and n are the
pressure and strike-slip sources. The black and grey spheres represent the seismicity during the considered period.

Pozzuoli harbor (Fig. 4c, i). The computed vertical displacement maps
(Fig. 4a, b, ¢, g, h, i) highlight that the geometry of the ground defor-
mation pattern is characterized by an asymmetric distribution of the
ground displacements concerning the maximum uplift signal, localized
in the area of the Pozzuoli harbor (Pepe et al., 2019; Castaldo et al.,
2021). In particular, the deformation signal affects a broad area at the
western sector of the caldera and along the coast, reaching, during its
maximum extension (C6-S2), the Baia town (BA) and Capo Miseno sites
(MS). Instead, at the east of the maximum deformation region (the area
comprised the Solfatara (SF), Pisciarelli (PI), and along the coast east of
Pozzuoli Harbor (PH)), the vertical displacements decay very quickly
and only partially affect the Fuorigrotta Plain (FR), with about 5 cm of
vertical displacements during the maximum uplift episode (C6-S2 In-
terval), as also highlighted by Pepe et al. (2019). In this context, the
spatial-temporal analysis of the SAR displacement maps revealed that
most uplift signals appear to be constrained during the maximum in-
tensity of the ground deformation by the presence of outcropping
caldera floor structures (Bevilacqua et al., 2022; Vitale and Natale,
2023). This is well highlighted by the comparison between ground
deformation and the structural map of the caldera region (Fig. 4b, h).
Figs. 5 and 6 show the EW components of the ground deformation in
the 2011-2022 time window. During the C6-S2 interval, the horizontal
displacement toward the east is about 12 cm in the area among Solfatara
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(SF), Pisciarelli (PI) and Bagnoli (BG), and about 10 cm toward the west
close to Mt. Nuovo (MN). During the C7-S3 interval, the areas affected
by the main horizontal displacements are the same as the C6-S2 interval
but with lower intensity: about 6 cm toward the east and about 5 cm
toward the west.

The EW component shows a slight asymmetry of the ground defor-
mation pattern, with displacements with higher values in the eastern
caldera region (Fig. 5f; Fig. 6b, c, h, i).

3.2. Model results

We modelled the VFS beneath CFc via cell sources aggregation (i.e.,
type, location, evolution, and nature), responsible for the observed
ground deformation between 2011 and 2022. The results of the joint
inversion of ascending and descending LOS for both sensors allow us to
identify the 3D deformation sources as cell aggregations of different
nature or type (e.g., pressure change, strike-slip, dip-slip), estimating
magnitude values, position, geometry and temporal evolution. No
tensile-model solution, that was able to fit the LOS data, was found.
Figs. 8-10 show the achieved results during the four linear intervals (C1,
C2, C3, C4), covering the 2011-2016 period.

Fig. 7 presents the statistical analysis performed on model solutions
for each interval. The reported pie charts represent the overall volume



P. Tizzani et al.

Q.-3000 "1 EStrike +
1 ¢ Dip +
0 _4000 Il Pressure +
-5000 :

Remote Sensing of Environment 315 (2024) 114480

%

-4000-} .
-5000 ‘ ‘ ‘ ‘ -5000-4 ‘ ‘ ‘ -5000 ‘ ‘
4515000 4520000 4525000 4515000 4520000 4525000 4515000 4520000 4525000
North [m] North [m] North [m]

Fig. 10. Model Results. S-N vision of the model solutions reported in Fig. 8. Panels (a, b, c) for the C1 period, (d, e, f) for the C2 period, (g, h, i) for the C3 period and
(1, m, n) for the C4 period. Panels a, d, g and 1 show only the pressure source. Panels b, e, h, and m show the pressure and dip-slip sources. Panels c, f, i and n are the
pressure and strike-slip sources. The black and grey spheres represent the seismicity during the considered period.

(a) 5% 3% 84% (b) 6% 6% (C)

8% %
o

% 7% 81% 8%

81%

Eso ‘Ego Eso
y °
Ex § 20 5 20
S S S
10 10 10
0 0 0
Step 1 Step2 Step3
LT C5~ 81 s = 62 n C6~S2 e = 10 [
l:lhDip =45 [y, =54 [

Dip

displacement frequency [cm]

0 10 20 30

40

50 60 0 30

40

50 60 0 20 30 40 50 60

bins number

Fig. 11. Cell aggregation inverse model statistics relevant to the three identified time intervals (C5-C6—C7). For each time step: the pie chart shows the percentage of
activated cell during the inversion process, in that interval, by mechanism; the bar plot in the upper-right section show the volume affected by each mechanism; the
histogram plot represents the distribution of the displacement for the dip-slip and the strike-slip solution and their mode value.

15



P. Tizzani et al.

(@) (b)

Remote Sensing of Environment 315 (2024) 114480

(c)

[ Strike +
[—Ipip +
4626000 4525000 & 452500 ol o
Il Pressure +
5 PZ sV As E E
£ AV £ £
el ¥ i
t p b= b=
S e s S 452000 © s
z2* ;i FR z FR 24 FR
BA
Ms, ms,
45150 : - 4515000 — 4515000
420000 425000 430000 420000 425000 430000 420000 425000 430000
East [m] East [m] East [m]
4525000 4525 4525
E - E E
= &= F=
5 5 5
2 452001 R 3 452 2 4520000
BA
| s,
4515000 4515000 - — — 4515000 -
420000 425000 430000 420000 425000 430000 420000 425000
East [m] East [m] East [m]
E - E E
F= L £
5 £ 5
zZ 45200 FR z 4520000 =t FR | z 4520000 o
BA
s,
4515000 4515 - 4515 -
420000 425 430000 420000 425000 430000 420000 4250 430000

00
East [m]

East [m]

00
East [m]

Fig. 12. Model Results. In panels (a, b, c), the aggregated model solutions for the C5 ~ S1 time interval are reported; in red is the rendering of the positive
overpressure source, in yellow is the rendering of the positive dip-slip one and in magenta the rendering of the positive strike-slip one. In the panels groups (d, e, f),
(g, h, i) and (j, k, 1) as in previous panels, for the C6 ~ S2 and C7 ~ S3 time intervals, respectively. The black and grey spheres represent the seismicity during the
considered period. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

per source mechanism’s inversion results. In detail, for the C1 interval,
the positive pressure solution represents 77 % of the total mechanisms;
this tendency is also confirmed for the subsequent periods (C2), with a
percentage of 79 %. Instead, for what concerns the dip and strike sources
distribution, a percentage around 7-20 % is found for all considered
time intervals. The negative model solutions for each modelled source
are statistically irrelevant (less than 10 %). The frequency distributions
for dip and strike type mechanisms emphasize the unimodality behavior
and no-gaussian features of all model solutions. We use the “mode
value” as a statistical indicator of the cell source distribution to select the
source isosurface value that better represents the physical active pro-
cess. Bar plots in Fig. 7a, b, ¢, d represent the total volume of each
modelled mechanism. Regarding the overpressure solutions, we
consider a strength threshold value of 55 MPa; this value represents the
frictional mean crustal resistance that the pressure source has to over-
come so that the deformation on the surface is detectable (Sibson, 1974).
This threshold is obtained using the deviatoric stress value, (61 — 63) =
P(pgz)(1 — 2) computed using the brittle equation (Sibson, 1974), where
o1 and o3 are respectively maximum and minimum stress direction of
the stress tensor; p is the average density value of the intra-caldera tuffs
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succession (2.4 g/cm3) (Cubellis et al., 1995; Rosi and Sbrana, 1987); z is
the estimated source bottom (~3 km b.s.1.), which is also the bottom of
clustered natural seismicity (Fig. 1a); 4 is the pore fluid factor and f is
the parameter that depends on the fault type (3.0, 1.2 and 0.75 for
thrust, strike-slip and normal faulting, respectively). We selected beta
value of 0.75, which is the representative of the extensional stress
regime at CFc (see focal mechanisms in Castaldo et al., 2019). A sys-
tematic increase of the overpressure volume from 4.3 km® to 6 km? is
found: the volume growth rate from the C1 interval to the C3 Interval is
about 30 %.

We show the achieved model results in terms of the spatial distri-
bution of aggregated best fit source. The C1 and C2 overpressure sources
are located in a region between the land coast and Pozzuoli Bay (Fig. 8a,
d), elongated in the WNW-ESE direction, with a vertical extension that
ranges between 1 and 3 km depth (Figs. 9a, d, 10a, d).

This source planar orientation is less evident for interval C3, where a
more compact and elongated geometry reaches about 5 km depth
(Fig. 8g). In the subsequent C4 interval, a renewed lateral spreading of
the overpressure source is observed. In comparison, the model source
depth arises at about 4 km (Fig. 8j).
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Concerning the modelled dip-slip regions (Fig. 8b, e), the main
cluster is characterized by a WNW-ESE alignment. In comparison, in the
subsequent C3 step (Fig. 8h), this region is reduced significantly near the
overpressure source in the cluster region east of PI and SF sites. Finally,
during the C4 interval (Fig. 8k), two new clustered regions were located
in the Pozzuoli area and the northern part of the caldera. The vertical
extension of modelled dip-slip regions ranges from 2 to 5 km of depth
during the C1 interval (Figs. 9b, 10b), while during the C2 interval, the
main cluster is included in a narrow volume localized from 1 to 3 km
depth (Fig. 9m, 10m).

For the crustal regions affected by the strike-type mechanism, the
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model reveals the crustal volume of the caldera characterized by intense
fracturing in the north-western region (Fig. 8¢, f, i, 1). The planimetric
distribution of this mechanism shows a main cluster located between PZ
and AV (Fig. 8c), from 1 to 4 km depth, during the C1 interval. The
strike-type mechanism grows during the C2 interval, reaching the SV
and SF sites (Fig. 8f); in this step, a major crustal region is involved, from
1 to 5 km depth. During the C3 interval, similarly to the dip-slip areas, a
substantial reduction of strike-type mechanism volume is found
(Figs. 8i, 91, 10i). Finally, in the last interval, C4 (Figs. 81, 9n, 10n),
similar conditions of the C2 interval were found.

In Figs. 12-14, we show the achieved model results relevant to the
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common satellite intervals, in which our performed TLA has revealed
the presence of three linear intervals (C5/S1, C6/S2, C7/S3) that
covered the 2016-2022 period for the which we apply the same statis-
tical approach introduced in the previous step analysis (Fig. 11).

The estimated overpressure source is located in a region between the
land coast and Pozzuoli Bay (Fig. 12a, d, g), elongated in the WNW-ESE
direction. Specifically, its temporal evolution is characterized by spatial
migration and growth of source volumes: an upward positive over-
pressure region migration is found, going from 4 km to 1.6 km of depth
for C5/S1, to 3 km for C6/S2 and less than 1 km for C7/S3, with a
localized increase of overpressure region that reaches 400 m b.s.l
beneath the SF-PI area (Figs. 13a, d, g; 14a, d, g). Furthermore, moving
from C5/S1 to C7/S3, a lateral spreading of the source can be observed,
progressively involving more on-land regions (Figs. 12a, d, g; 13a, d, g;
14a, d, g). Specifically, the main cluster is characterized by a WNW-ESE
alignment, which progressively evolves and affects internal areas such
as SF, PI and SV (Fig. 12b, e, h). Two other clusters evolve, gradually
involving the area between PZ, AV, and the coast. These cluster varia-
tions at depth are found between 1 and 4 km, surrounding the corre-
spondent pressure source (Figs. 13b, e, h; 14b. e, h). The isosurface refers
to the crustal regions characterized by a modelled upward slip of
approximately 5 cm. Regarding the crustal areas affected by the strike-
type mechanism, the model reveals regions with intense fracturing in the
north-western area (Fig. 12c, f, i). The planimetric distribution of this
mechanism shows two main clusters: the first is located between PZ and
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AV, with a depth from 1 to 5 km for C5/S1 interval, and the second is
located in the SF-PI-SV area, with a depth from 1 km to 3 km for C6/S2,
and from 1 km to the surface for C7/S3 (Figs. 13c, f, i; 14c, f, i).

As done in previous applications of this inversion methodology
(Camacho et al., 2020; Fernandez et al., 2021, 2022, 2024) we compute
a 3D sensitivity analysis to estimate the reliability of the solutions (see
Fig. 15) and compute the residuals between observed and computed
deformation values (see Fig. 16). Fig. 15 can serve as a lower limit for the
sensitivity and Fig. 16 as an upper limit for the residual estimation.

3.3. Discussion

Interpreting the source of deformation at Campi Flegrei has sparked
vigorous debate among geoscientists, drawing upon a wide array of
methodologies including geodetic analyses. While some researchers
advocate for a magmatic origin, positing the movement of magma
beneath the surface as the primary cause of deformation, others propose
a hydrothermal explanation, suggesting that fluid migration and pres-
sure changes within the hydrothermal system are driving factors. This
debate has been enriched by contributions from studies such as those by
Chiodini et al. (2017), leveraging geodetic sources to bolster the hy-
drothermal model, highlighting the pivotal role of fluid dynamics in
shaping deformation patterns. Conversely, investigations by De Martino
et al. (2021), building upon geodetic datasets, argue for a magmatic
interpretation, emphasizing the presence of shallow magma chambers
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beneath the Campi Flegrei caldera. Additionally, pioneering work by
Orsi et al. (1999), incorporating geodetic analyses, have provided
crucial insights into the complex magmatic and hydrothermal processes
operating within the caldera.

From multiplatform and multi-orbits InSAR data analysis it was
possible to identify active structural features of CFc. Specifically, we find
in the NW region of the caldera floor, a series of subparallel structures
located between the Averno crater (AV) and San Vito (SV), with an ENE-
WSW direction (Fig. 1a). NE of the caldera, the ground deformation field
is constrained by a structure that extends from San Vito (SV) to the area
of Pisciarelli (PI) along the external edge of Astroni (AS); instead, to the
SE direction, the deformation signal is limited along the coast in a region
located at SW with respect to the morphologic relief formed by the
external quaquaversal of the Agnano crater and Mt. Spina, which border
the Fuorigrotta plain (FR) from west to north. As mentioned above, the
caldera region SW of the maximum uplift area experienced an uplift
phenomenon, with intensities comparable to those of Fuorigrotta (FR),
along the coastal region going from Averno crater (AV), Baia town (BA)
to Capo Miseno (MS), during the most intense unrest phenomena
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intervals (Fig. 4b, h).

The 4D imaging of the VFS at CFc, achieved by modelling multi-
platform SAR data, revealed a spatial evolution of the overpressure
aggregate source over the 2011-2022 time interval. In particular, the
source geometry in 2017 (C5/S1 interval) highlights the presence of a
narrow funnel between 3 and 4 km depth in the bottom region of the
source model (Figs. 13a; 14a), which can be interpreted as the main
magma alimentation channel (Wohletz et al., 1999; D’ Auria et al., 2015;
Castaldo et al., 2019). This feature agrees with the source geometry
detected during the previous model steps C3 and C4 (Fig. 9g, D).

During the C6/S2 (2018-2020) interval, a lateral spreading process
of the pressurized source is found. Specifically, this evolution trend is
evident moving from the C5/S1 interval to the C6/S2 interval. We
interpreted this as an extended region where, according to previous
works, a multiphase pressurized fluid occurs (Siniscalchi et al., 2019).

As already mentioned, this phenomenon produces a WNW-ESE
source growing, in good agreement with previous works (Samsonov
et al., 2014; D’Auria et al., 2015; Castaldo et al., 2021), coupled with
increasing seismicity localized in the shallowest part of the overpressure
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source (Figs. 12d, g; 13d, g; 14d, g); this could indicate the ascent of a
new batch of magma. The modelled dip-slip areas show the same
planimetric orientation of the overpressure distribution and may reflect
crustal fracturing associated with the magma input from deeper areas.
The lateral migration (source spreading phenomena) also continues
during the C7/S83 (2021-2022) interval, where a narrow conduit-like
overpressure source reaches a depth of about 400 m beneath the SF-PI
area. Fig. 13g shows the source bottom from 4 to 3 km. A low-
magnitude seismicity cluster also surrounds the shallowest part of the
overpressure source.

To verify the robustness and validity of the achieved results, we
carried out three post-processing analyses, which can be summarized as
follows: (i) A comparison between the dip-slip region modelled in the
C7/S3 interval and the density distribution map of the outcropping
structures (Fig. 17a), highlighting that the modelled dip-slip region
identifies an area between the external perimeter of the overpressure
source (red body in Fig. 17a) and the region that shows the highest
density values of the distribution of the outcropping structure.

(ii) A comparison between the modelled dip-slip region for the C7/S3
period and the normalized THD,, distribution (see methods section)
computed on the cumulative vertical displacement of the same time
interval. The THD,, maxima, which indicates the projection at the
ground of displacement source boundaries and/or the presence of
structural heterogeneity, perfectly falls in the area between the model
dip region and the overpressure source border (Fig. 17b). The achieved
results confirm the capability of our approach to identify highly frac-
tured regions of the caldera that are not strictly associated with the
dynamics of the VFS source. In particular, the modelled dip-slip sources
distribution can be interpreted as an area where the ground deformation
field is modulated by the presence of the structural lineaments, affecting
the intra-caldera tuffs successions (Bevilacqua et al., 2015).

(iii) A 3D spatial distribution of principal stress direction derived by
FE forward model in a structural mechanics context, using the over-
pressure region active during the C7/S3 interval as the source. Ac-
cording to the Anderson theory of the reactivation fault, the model
results (Fig. 18) highlight that the perturbative effects, induced by an
overpressure source, are limited to the internal region of the CFc and
laterally decay exponentially from the source perimeter to below 3 km
depth. The distribution of the stress tensor in the plain XY is radial, with
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the maximum main axis (61) having a circumferential trend; the inter-
mediate main axis (65) has a radial trend, while the minimum main axis
(o3) systematically shows a vertical orientation (Z). In particular, at a
depth of 1 km, the o, axis is tensional along the perimeter of the source,
after which it transforms into a compressional one, decaying then
rapidly moving away from the source. Instead, at depths of 2-3 km, the
o5 axis is always compressive, and it decays quickly as the distance from
the source increases. Our analysis reveals that the spatial orientation of
the main stress axes is compatible with a portion of the crust, between 2
and 3 km depth, characterized by dip dislocation, as predicted by our 3D
tomographic inversion model. This spatial-stress orientation is also in
good agreement with the distribution of computed Von Mises stress
(Fig. 18b), which emphasizes the anisotropy distribution of the me-
chanical failure in the crust. In particular, the spatial anisotropic
orientation of the modelled source may justify the onset of a dip-slip
region, confirmed by the existence of the dip-slip area in the per-
formed geodetic imaging tomography.

4. Main conclusions

The 4-D tomographic geodetic inversion, performed via optimization
of the multi-platform radar satellite data between 2011 and 2022,
revealed an aggregate overpressure source that grows and systemati-
cally migrates toward the SF- PIregion. In Fig. 19, we show a spatial and
temporal integrated model for the optimized geodetic source, which
includes the main processes that characterized the VPS evolution in the
last decade.

The results show a narrow funnel zone, which may represent the
active alimentation system, between 4 and 5 km depth (C3-C4 interval).
Wohletz et al. (1999), D’Auria et al. (2015) and Castaldo et al. (2019)
identified a magmatic source between 2 and 4 km depth by thermo-fluid
dynamic modelling based on thermal and ground deformation data.
Accordingly, we interpret the upper part of the funnel (about 3-4 km
depth) as a partially melted lens. This region is located below an
aggregate volume that extends from 3 to 1.5 km depth and is expanded
laterally during the C5/S1-C6/S2 period. The overpressure source evo-
lution, in terms of lateral spreading and the consequent formation of a
very superficial broad overpressure region, is in good agreement with
the anisotropic distribution of the EW horizontal component of the
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ground deformation pattern (Fig. 5; Fig. 6). We interpreted this lateral
source spreading process over time as a region consisting of multiphase
pressurized liquid-bearing metasediment (Fig. 8a, d, g, j; Figs. 9-10;
Fig. 12a, d, g; Figs. 13-14). This area also has been identified as a
possible thermo-poro-elastic source of deformation by Nespoli et al.
(2023). The interpretative model also agrees with Siniscalchi et al.
(2019), Castaldo et al. (2021) and Troiano et al. (2022).

According to Siniscalchi et al. (2019), within the first kilometer, the
shallower aggregation region is interpreted as an exsolved gas/steam
reservoir region. In particular, the analysis performed on the last time
interval (C7/S3) highlighted the existence/onset of an overpressure re-
gion localized just below the PI and SF area at about 400 m of depth.
This narrow region could represent the preferred gas pathway feeding
the SF and PI fumaroles where more than 3500 t of CO, per day are
recorded. The shallow funnel of the overpressure source is in good
agreement with Troiano et al. (2022), which used high-resolution MT
soundings to analyze the PI-SF area.

Our tomographic inversion model, characterized by the progressive
growth of aggregated sources, provided a coherent image of the over-
pressure source and jointly identified the crustal regions that concen-
trate the surrounding stresses (i.e., dip and strike volume solutions).
Accordingly, the computed stress field rapidly decays, moving away
from the area of maximum uplift at a depth greater than 3 km thatisina
good agreement with previous studies on the area (Wohletz et al., 1999;
Trasatti et al., 2008; Amoruso et al., 2014; D’ Auria et al., 2015; Castaldo
et al., 2019; Castaldo et al., 2021).

In conclusion, our analysis reveals that the source responsible for the
2011-2022 observed ground deformation, and seismicity may be
interpreted as a continuous spatial source. Indeed, the comparison of the
computed 3D stress field changes and the seismicity emphasizes a good
spatial fit between the location of maximum von Mises stress and the
spatial clustering of the natural recorded events.

The available geophysical, geological/structural and petrophysical
information reveals the presence of different vertically and laterally
rheological conditions both at the passage caldera border (Castaldo
et al., 2019). A rheological transition from magmatic to hydrothermal
characteristics can be inferred from the deepest to the shallower part of
the deformation body. For the VFS deeper region, the tomographic
inversion results performed between 2011 and 2014 (Fig. 8a, d, g, j;
Figs. 9-10) reveal an overall migration of the overpressure regions from
5 km up to 3 km depth. This migration appears to agree with the results
achieved by D’Auria et al. (2015), which addressed the magmatic nature
of the source to justify the 2012-2013 ground uplift episode, also in
good agreement with the findings of Chiodini et al. (2015).
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Another relevant aspect that derives from our results is the presence
of a well correlated dip-slip region, which is localized with respect to the
observed seismicity clusters (Fig. 8b, e, h, k; Figs. 9-10; Fig. 12b, e, h, k;
Figs. 13-14). We emphasize that this intensely fractured region
(modelled dip-slip volume) could favor the magma rising, also exter-
nally to the modelled overpressure plumbing systems; this represents a
crucial element never previously considered.

Numerous studies support this modelled scenario. In fact, the pro-
cesses of magma ascent are strongly influenced by the physical and
mechanical properties of the crustal lithologies underlying the
outcropping caldera region. The intense fracturing of subsurface caldera
crustal units comprising alternating layers of compact tuff, marine/
terrigenous sediments, and variably consolidated pyroclastics, may have
played a crucial role in facilitating magma ascent and the concentration
of hot fluids (Acocella et al., 2004), even outside the modelled over-
pressure plumbing systems region in sensu strictu (Figs. 19, 18). Similar
phenomena have been observed in other calderas, such as Long Valley
(Dvorak and Dzurisin, 1997), Taupo, and La Valles, where comparable
lithological contrasts have facilitated magma migration (Cole et al.,
2005; Kennedy et al., 2012).

For these reasons, we believe that the continuous analysis of the
space-time source variations and associated stress field are key elements
to identify phenomena that may precede future possible eruptive sce-
narios. This analysis may assist in defining hazard zonation scenarios,
especially in the case of the polygenic volcanic field. In such cases the
lack of spatial persistence of the eruptive vent poses a challenge in
determine the future spatial location of the active volcanic magma
pathways, and identifying of the most hazardous area.

Our study, using multi-platform InSAR deformation data of CFc
volcanic area, along with a new state-of-the-art interpretation tool,
allowed us to obtain new results on the acting sources (types, location
and 3D shapes, as well as the time evolution of these characteristics) that
would have been unattainable using classical observation and inter-
pretation approaches. Similar conclusions were reached in studies
examining Mt. Etna, Italy (Camacho et al., 2020), and the volcanic un-
rest in La Palma (Canary Islands, Spain) (Fernandez et al., 2021) and its
subsequent eruption (Fernandez et al., 2022).

Computer codes

The 3D analysis of achieved model results, is performed using
licensed commercial software from Golden Software, including Voxler
and Surfer 16. Satellite data is processed with algorithms implemented
in IDL and MATLAB, which are available upon request from the authors.
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The 3D stress model was implemented in the COMSOL Multiphysics
commercial package, and the source code can be obtained by contacting
the authors. Defsour® software for inversion of LOS data (Fernandez
et al., 2022) is available under request to the authors using a transfer
agreement, for volcano monitoring and research, excluding commercial
applications.
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