Remote Sensing of Environment 234 (2019) 111440

g =

Contents lists available at ScienceDirect

Remote Sensing of Environment

journal homepage: www.elsevier.com/locate/rse

Volcanic structures investigation through SAR and seismic interferometric | )

Check for

methods: The 2011-2013 Campi Flegrei unrest episode At

S. Pepe”, L. De Siena™", A. Barone™‘, R. Castaldo?, L. D'Auria’, M. Manzo®, F. Casu”, M. Fedi,
R. Lanari®, F. Bianco®, P. Tizzani™"

2 Consiglio Nazionale delle Ricerche (CNR) of Italy, Istituto per il Rilevamento Elettromagnetico dell’Ambiente (IREA), via Diocleziano 328, 80124, Napoli, Italy

Y Institute of Geosciences, Johannes Gutenberg University, J.-J.-Becher-Weg 21, D-55128, Mainz, Germany

© Department of Earth, Environmental and Resources Science, University of Naples “Federico II”, Monte Sant’Angelo (L building), Via Cinthia 21, 80126, Napoli, Italy
d Istituto Volcanologico de Canarias, 38320, San Cristébal de La Laguna, S/C de Tenerife, Spain

€ Istituto Nagzionale di Geofisica e Vulcanologia, Sezione Osservatorio Vesuviano, Via Diocleziano 328, 80124, Napoli, Italy

ARTICLE INFO ABSTRACT

Keywords: Observations from satellites provide high-resolution images of ground deformation allowing to infer deformation

InSAR sources by developing advanced modeling of magma ascent and intrusion processes. Nevertheless, such models

Ambient noise tomography can be strongly biased without a precise model of the internal structure of the volcano. In this study, we jointly

Total horizontal derivative exploited two interferometric techniques to interpret the 2011-2013 unrest at Campi Flegrei caldera (CFc). The

;Zf:llill::ig;iliz;;dera first is the Interferometric Synthetic Aperture Radar (InSAR) technique, which provides highly-resolved spatial
and temporal images of ground deformation. The second is the Ambient Noise Tomography (ANT), which images
subsurface structures, providing the constraints necessary to infer the depth of the shallow source at CFc (be-
tween 0.8 and 1.2 km). We applied for the first time a tool to delineate the deformation source boundaries from
the observed deformation maps: the Total Horizontal Derivative (THD) technique. The THD processes the ver-
tical component of the ground deformation field detected through InSAR applied to COSMO-SkyMed data. The
patterns retrieved by applying the THD technique show consistent spatial correlations with (1) the seismic
group-velocity maps achieved through the ANT and (2) the distribution of the earthquakes nucleated during the
unrest at ~1 km. High-velocity anomalies, the retrieved geometrical features of the deformation field, and the
spatial distribution of seismicity coincide with extinct volcanic vents in the eastern part of the caldera (Solfatara/
Pisciarelli and Astroni). Such a coincidence hints at a significant role of the extinct plumbing system in either
constraining or channeling the eastward propagation of magmatic fluids. Here, we demonstrated that a joint
analysis of the InSAR patterns, seismic structures, and seismicity allows us to model in space and time the
characteristics and nature of the shallow deformation source at CFc. Using published literature, we show that the
effects of structural heterogeneities at shallow depths may have a more significant early-stage impact on the
evolution of the surface displacement signals than deeper magmatic sources: these secondary structural effects
may produce local amplification in the deformation records which can be mistakenly interpreted as early signals
of impending eruptions. The achieved results are particularly relevant for the understanding of the origin of
deformation signal at volcanoes where magma propagation within sills is expected, as at CFc.

1. Introduction

Volcanoes are an ideal environment to test the ability of both
proximal and remote-sensing techniques to characterize the internal
features of the volcanic feeding system, and to model their temporal
evolution (Tizzani et al., 2010; Masterlark et al. 2012, 2016; Del Negro
et al., 2013; Mattia et al., 2015; Castaldo et al., 2018a). Interferometric
Synthetic Aperture Radar (InSAR) is a remote-sensing technology

* Corresponding author.
E-mail address: tizzani.p@irea.cnr.it (P. Tizzani).

https://doi.org/10.1016/j.rse.2019.111440

capable of imaging surface deformation over wide areas (Massonnet
and Feigl, 1998; Franceschetti and Lanari, 1999; Biirgmann et al.,
2000). In particular, InSAR exploits the phase difference (inter-
ferogram) between pairs of SAR images, collected over the same area at
different epochs (temporal baseline) and with different orbital positions
(spatial baseline). It provides a measurement of the ground deformation
projected along the radar Line Of Sight (LOS), with a centimeter-to-
millimeter accuracy (Gabriel et al., 1989). In the last decades, several
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InSAR algorithms have been developed to detect surface deformation
and analyze their space-time characteristics using large stacks of SAR
images acquired from different satellites. These approaches exploit long
sequences of differential interferograms in order to generate time-series
of the detected LOS-projected displacements for each coherent point
(i.e., where the phase information is preserved - Ferretti et al., 2001;
Mora et al., 2003; Hooper et al., 2014). Among these algorithms, the
Small BAseline Subset (SBAS) approach (Berardino et al., 2002; Pepe
et al., 2005) is well suited to resolve the space-time evolution of the
surface deformation at volcanoes and it is currently employed to
monitor volcanic activity worldwide (Lanari et al., 2002; Borgia et al.,
2005; Fernandez al., 2009; Tizzani et al., 2009; Solaro et al., 2010;
Tizzani et al., 2010; Tizzani et al.,, 2015; De Novellis et al., 2017;
Castaldo et al., 2017; Pepe et al., 2017, 2018).

InSAR results (i.e., mean deformation velocities maps and the cor-
responding time-series) are used to infer the source and dynamics of
deformation phenomena in volcanic areas. In particular, these models
work well for bell-shaped deformation anomalies, typical for caldera
floors like Long Valley and Yellowstone (Tizzani et al., 2007, 2009;
2015). In contrast, the relatively-simple models employed to infer the
location and size of deformation sources suffer from major biases if pre-
existing tectonic structures (Orsi et al., 1999), shallow horizontal in-
terfaces (Vanorio et al., 2005) and/or cold magmatic intrusions
(Chiodini et al., 2015) exist. These structural constraints modulate the
ground deformation pattern (Trasatti et al., 2008; Amoruso et al., 2008;
Manconi et al., 2010; D'D’ Auria et al., 2015): without any constraint on
the volcanic structures at depth, the geometry and the characteristics of
the deformation sources may become uncertain, leading to incorrect
interpretations of volcanic unrest from deformation data at the earlier
stages of a volcanic crisis, when the signal-to-noise ratio is still low. For
example, Del Gaudio et al. (2009) show that the first deformation signal
during the 2005 CFc unrest was measured at Solfatara; only after a few
days the deformation bell was centered on the primary deformation
source offshore Pozzuoli.

Seismic tomography maps the Earth subsurface using seismic waves
produced by active and passive sources and recorded at a seismic net-
work. The derived seismic models of velocity or attenuation provide an
image of structural, thermal, or compositional variations inside the
Earth; in volcanoes, these tomographic models can constrain geody-
namical and volcanological simulations (Masterlark et al., 2012; Reuber
et al., 2018). At CFc, seismic tomography gives the structural con-
straints necessary to map fractures, interfaces, and older plumbing
systems (Zollo et al., 2003; Vanorio et al., 2005; Battaglia et al., 2008;
De Siena et al., 2010, 2017a; 2017b; Calo and Tramelli, 2018). The
seismic tomography images of the onshore CFc mentioned above are
built on seismic earthquake data recorded between 1982-84: they were
thus an image of this period of unrest (Aster and Meyer, 1988). The
maps show that, in 1982-84, a reservoir containing high-pressure fluids
was repeatedly fractured by magmatic intrusions (Amoruso et al., 2008)
and/or fluid injections (Vanorio et al., 2005) under the town of Poz-
zuoli (De Siena et al., 2017b). Since 1985, seismicity has mostly been
limited to the shallow hydrothermal systems, progressively shifting
towards the eastern side of the caldera (Di Luccio et al., 2015). The only
seismic imaging available since 1985 was thus obtained in 2001 by
using the active data of the SERAPIS seismic experiment, shot in the
submerged center of the caldera (Zollo et al., 2003; Serlenga et al.,
2016), at least until De Siena et al. (2018) published an Ambient Noise
Tomography (ANT) of the caldera.

ANT is based on seismic interferometry measurements and has ra-
pidly grown as a standard imaging (Shapiro et al., 2005; Brenguier
et al., 2007) and monitoring (Lecocq et al., 2014) technique over the
last 15 years. As standard travel-time tomography (e.g., Koulakov and
Vargas, 2018), it has shown to be particularly useful in studying the
structure and the dynamics of active volcanoes (Brenguier et al., 2007).
This technique turns ambient noise recorded at two seismic stations
into seismic signals propagating between them (Curtis et al., 2006). As
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for InSAR, the name interferometry refers to the phenomenon of in-
terference. More precisely, scientists can reconstruct the Green's func-
tion, as the impulse was produced at one station and recorded at the
other (Wapenaar and Fokkema, 2006). This response provides high
quality seismic data for applying ANT in complex geological structures
as volcanoes (Sens-Schonfelder and Wegler, 2006; Brenguier et al.,
2007; Nagaoka et al., 2012; Obermann et al., 2013; Jaxybulatov et al.,
2014; Garnier and Papanicolaou, 2016). With this technique, De Siena
et al. (2018) have imaged the Rayleigh-wave velocity of the fluid
feeder-pathway responsible for the 2011-2013 deformation unrest at
CFc. The model shows-surface wave group velocities that are mostly
consistent with the P- and S-wave velocity maps imaged during
1982-84, including the low-velocity fluid storage zone under Pozzuoli
(Vanorio et al., 2005) and high velocity anomalies underlining the
caldera rim (Battaglia et al., 2008). The main difference between
2011-13 and 1982-84 is the presence of a high-velocity anomaly under
Solfatara, at ~1.7 km which shifts towards Pisciarelli at ~1 km and
disappears at shallower depths. This is the first tomographic image of
the onshore caldera since 1984, therefore the first that can be used in
conjunction with InSAR data.

In the present study, we also use earthquake locations detected
between 2005 and 2016. The earthquakes were recorded by the per-
manent seismic networks of Osservatorio Vesuviano - Istituto Nazionale
di Geofisica e Vulcanologia (INGV). The nucleation of micro-
earthquakes and the spatial cutoff at depth are strongly linked to the
rheological stratification of the crust beneath the CFc (Castaldo et al.,
2018a). We stress that the seismicity currently recorded at CFc is too
low in magnitude and sparse to apply local earthquake tomography
(D'Auria et al., 2011). On September 7th’ 2012 a deep seismic swarm,
possibly of magmatic origin, occurred during the rapid uplift event
(2012-2013). This seismic activity diverged from the last 28 years al-
most exclusively driven by shallow hydrothermal processes (D'D’ Auria
et al.,, 2015). Ground deformation observed in 2012-13 derived
through satellite interferometry and GPS measurements has previously
been interpreted as resulting from a magmatic sill intrusion of
0.0042 + 0.0002km?®at shallow depth (3090 + 138m) (D'D’ Auria
et al., 2015), whose location agrees with the low-velocity zone imaged
by ANT at a depth of ~2km (De Siena et al., 2018).

In the present study, SAR and ANT maps obtained between 2011
and 2013 provide dynamic and structural information that can be
jointly used to interpret the deformation processes. While the former
allows identifying the deformation source boundaries laterally and/or
the involved volcanic structures that modulate the observed deforma-
tion pattern, the latter yields a velocity model characterizing the
structure of the volcano in 3D. The comparison of these results with the
2005-2016 earthquake locations highlights the volume where the
stresses were concentrated, confirming that the caldera structures play
an active role in modulating the deformation signals.

2. Data and methods
2.1. SAR interferometry

We apply the Small BAseline Subset (SBAS) approach (Berardino
et al., 2002; Pepe et al., 2005) to detect and follow the temporal evo-
lution of the surface deformation affecting CFc during the time interval
of interest. To this aim, we process the SAR data acquired from the
Italian COSMO-SkyMed constellation along ascending and descending
orbits. Specifically, we processed 215 ascending and 46 descending SAR
data’ relevant to the February 2011-January 2014 time-interval, and

!We remark that the temporal sampling for the descending orbits is sig-
nificantly poorer than the ascending one (46 images vs 215 images); this is due
to the SAR data acquisition policy of the COSMO-SkyMed mission, which does
not necessarily guarantee the collection of SAR images in the same conditions
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computed about 750 interferograms from the ascending orbits and 102
from the descending ones (selected by imposing maximum perpendi-
cular and temporal baseline values of 800 m and 400 days, respec-
tively). The interferograms were inverted by applying the above men-
tioned SBAS-InSAR technique to generate mean deformation velocity
maps (Fig. 1a and b) and the corresponding time-series. The achieved
results were computed on an output grid with 30 m x 30 m spatial re-
solution and are referred to a reference pixel in the center of the city of
Naples.

The availability of InNSAR measurements for both the ascending and
descending radar LOS (Fig. 1a and b) allows discriminating the Vertical
(V) and East-West (E-W) mean velocity components (Fig. 1c and d)
(Wright et al., 2003; Manzo et al., 2006). Moreover, due to the non-
uniform temporal sampling, the ascending and descending data were
resampled to 11 days by using a linear interpolation (Del Negro et al.,
2013). This allowed the computation of time-series pairs representing
the temporal evolution of the E-W and Vertical deformation compo-
nents (Fig. le-g).

In addition, we show that both the ascending and descending LOS
mean-deformation velocity maps record a maximum of about 6 cm/
year at the Pozzuoli harbor, with the velocity pattern accommodated
within the caldera boundaries. Fig. 1c and d depicts the vertical and E-
W components of the mean velocity field, respectively. The first reveals
an extended deformation pattern that involves the whole caldera, the
latter the presence of a region of very-low velocity that separates the
eastern and western sides of the caldera. Three pixels were selected to
represent the Vertical and E-W components (Fig. le-g) and they are
located within the caldera (P1 in Fig. 1c, P2 and P3 in Fig. 1d). Note
that the vertical component of the ground deformation reaches a
maximum value of about 18 cm (plot of Fig. 1e), while the horizontal
displacements towards East and West reach maximum values of 8 cm
(plot of Fig. 1f) and about 6 cm (plot of Fig. 1g), respectively.

Moreover, the vertical displacement in Pozzuoli shows three nearly-
linear deformation trends (point P1 in Fig. 1e): step 1 (from February
2011 to May 2012) and step 2 (from May 2012 to April 2013) display
positive deformation rates of about 4.8 cm/yr and 13 cm/yr respec-
tively, while step 3 (April 2013 to January 2014) shows no relevant
deformation. P1 has a maximum vertical displacement of about 6 cm,
while later in the second step, the cumulative vertical displacement is
about 18 cm.

Here, we use the Total Horizontal Derivative (THD) technique to
perform a basic detection of the deformation source boundaries; we
remark that the THD technique is an edge detection filter commonly
employed for analyzing potential field data (Blakely, 1996; Florio et al.,
1999) and it is based on analyzing the maxima of the horizontal gra-
dient magnitude, as computed from the first order x- and y-derivatives
of the field; their distribution depends on the source geometry since the
maxima occur where the physical property has the greatest variation,
that is at the boundaries of the sources. This is also true for higher-order
field derivatives of related quantities such as the enhanced horizontal
derivative method (Fedi and Florio, 2001; Luiso et al., 2018). In par-
ticular, the maxima horizontal gradient magnitude matches with the
physical edges of the source (Blakely, 1996). Despite some limitations
in its applicability and accuracy (Blakely, 1996), it is a powerful
boundary analysis technique.

Following Castaldo et al. (2018b), we apply for the first time the
THD algorithm to the vertical deformation at CFc. This technique
provides reliable results, in the case of abrupt lateral contrasts of the
investigated property (Blakely, 1996), typical of volcanic areas.

The THD,, for the vertical deformation is defined here as:

(footnote continued)
and with the same characteristics over time. This acquisition approach can limit
the generation of long time-series of data, which are necessary for advanced
InSAR applications.
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where w(x, y, z) represents the vertical component of the ground de-
formation at spatial coordinates (x, y, z). The horizontal derivatives are
calculated using simple finite-difference relationships. To correctly ex-
amine the THD,,, the data have to be referred to the same z-level; thus,
we performed the computation after reducing the vertical ground de-
formation component to a constant level (Castaldo et al., 2018b; Barone
et al., 2019) by using a CWT (Continuous Wavelet Transform)-domain
algorithm (Ridsdill-Smith, 1999). Note that the THD,, maxima allow to
detect the boundaries of magmatic reservoirs and/or the volcanic
structures that modulate the observed deformation patterns.

2.2. Seismic interferometry

Ambient Noise Tomography (ANT) uses the ambient seismic noise
wave fields continuously recorded at a seismic network to image
seismic wave velocities, without the use of earthquakes or artificial
explosions (Shapiro et al., 2005). Depending on the scale and the am-
bient-noise source distribution, this technique analyzes noise time
series (Fig. 2a) that span hours to years. The noise time series recorded
at positions x; and x, (n(xz,t) and n(xz,t)) are the superposition of noise
source fields (Fig. 2b); their correlation gives the Green's function (G —
i.e. the response of the medium to a source located at one of the sta-
tions) between x; and x, plus its time-reversed version (Fig. 2c), con-
volved with the autocorrelation of the noise? Sy(t) (Wapenaar and
Fokkema, 2006):

{ G(x, %, D+G (g, X1, —1)} * Sy () = < n(x, t) * nq, —1)> (2)

where * is the convolution operator.

We remark that the ensemble averaging ( < >) in eq. (2) is re-
placed, in real case studies, by the integration over a sufficiently long
time. Since the cross-correlation operation basically reconstructs an
interferogram, the technique is also commonly referred to as “seismic
interferometry”. In practice, the noise recorded by the station mainly
comprises Rayleigh waves. The technique thus retrieves the Rayleigh-
wave that we would record at station x, if we would have a “source of
Rayleigh waves” at station x; plus its time reverse (Curtis et al., 2006).
We also underline that eq. (2) is theoretically valid only in the case of
uncorrelated and isotropic noise. For seismic periods between 1s and
2s, ambient noise sources at CFc are produced in the sea, with the di-
rection of seismic energy perpendicular to the coastline (Fig. 2b)
(Ardhuin et al., 2011). While these noise sources are far from being
isotropic at CFc, especially along the SN direction, a careful selection of
waveforms and appropriate processing allows the retrieval of the main
surface-wave mode (De Siena et al., 2018). We stress that previous
tomographic images of the onshore Campi Flegrei caldera were so far
dependent on the seismicity recorded between 1982 and 1984: they
were thus an image of this period of unrest.

The signals reported in Fig. 2c were recovered by cross-correlating
the ambient noise recorded for at least 1 year at the temporary seismic
stations of the Osservatorio Vesuviano - INGV during the CFc unrest of
2011-2013. Their causal and anti-causal components correspond to the
surface-wave fundamental mode that would be recorded at a seismic
station if the source of the surface waves was located at the other. The
standard framework for surface-wave imaging employed by De Siena
et al. (2018) picks the fundamental mode recovered at different periods
(0.9s, 1.2s, 1.55 and 2s) and maps the surface velocity variations in
space. The whole framework from seismic noise correlation to surface-

2 Here, we present a derivation of the connection between cross-correlation
operation and Green function between stations in 1D. The surface-wave re-
trieval from ambient noise is a 2D problem but can be reduced to 1D in the case
of isotropic noise sources, meaning equal illumination from all directions.
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Fig. 1. SAR Interferometry. (a-b) Contour maps of the LOS mean deformation velocity, computed by applying the SBAS algorithm to the exploited COSMO-SkyMed
ascending and descending SAR data processing the 2011-2013, respectively. (c—-d) Contour maps of the Vertical and E-W mean deformation velocity components; P1,
P2 and P3 identify three pixels located in the areas of maximum vertical (P1), western (P2) and eastern (P3) mean velocity. The magenta full circles represent the
location of Pozzuoli site (PZ), Napoli city (NA) Monte Nuovo (NU), Pozzuoli Harbor (HR), Astroni crater (AS), Solfatara crater (SO), Pisciarelli fumarole spring (PI),
Mount Gauro (GA) and San Vito (SA), Mofete (MF). All results are superimposed on the SRTM DEM of the area. (e-g) Vertical (P1) and East-West (P2 and P3)
displacement time-series. The analyzed time period is divided in three steps (gray color regions) for different linear deformation trends analysis. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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wave imaging is commonly known as ANT.

3. Results

The advanced InSAR measurements, specifically, the vertical and E-
W displacements of the whole caldera relevant to the three identified
temporal steps (see Fig. 1), are shown in Fig. 3. We observe that the E-W
and Up-Down deformations drastically increase both spatially and in
magnitude from step 1 to step 2 (Fig. 3a—d). The region of maximum
vertical displacement corresponds to the area of lowest E-W deforma-
tion, particularly at step 2 (from May 2012 to April 2013), when the
maximum deformation rate is recorded.

In order to investigate the volcanic source boundaries (i.e., possible
magmatic reservoirs) and/or the involved structures that modulate the
observed deformation pattern, we apply the THD technique to the
displacement occurred during the second step. We first spatially reg-
ularize the dataset via ordinary kriging (Li and Heap, 2008), then we
process the gridded vertical component by performing the constant
level reduction at 200 m a.s.l. Finally, we compute the THD,, and ana-
lyze the spatial distribution of its maxima (Fig. 4), which is described by
a bi-lobed shape having its axis of symmetry along the WNW-ESE di-
rection. The alignment of the maxima is clearly defined to the east of
Pozzuoli harbor, while the intensity of the maxima decreases in the

western part of the caldera.

Fig. 5 shows the contour maps of the ANT group-velocity model
obtained at periods 0.9s (~0.9 km of depth), 1.2s (~1 km of depth)
and 2s (~1.7 km of depth) by De Siena et al. (2018). The depths were
inferred by using the 1D velocity model of Battaglia et al. (2008), while
the seismic model has low-to-none resolution in shaded areas. Low-
velocity anomalies comprise the western part of the metropolitan area
of Naples at all depths (east in Fig. 5) and are likely due to caldera
infills. High-velocity anomalies follow the caldera rim and contour low
velocities to the west, NW, and NE, in correspondence to extinct vents
active during the last 15 ka (Vilardo et al., 2010; Vitale and Isaia,
2014). The lowest velocities are centered between Pozzuoli, Monte
Nuovo and Monte Gauro and describe an approximate circular shape at
2s: at this period, a prominent high-velocity anomaly appears outside
of the rim, just south of Solfatara, beneath younger vents (> 5 ka). The
2-s low-velocity anomaly has been interpreted by De Siena et al. (2018)
as a “feeder-pathway” allowing for the migration of hot fluids to the
upper structures of the volcano. These fluids migrate from west to east,
following the shift in the center of the low-velocity anomaly. Moreover,
this shift is paired by the migration towards east (1.2s), and dis-
appearance (0.9s) of the Solfatara high-velocity anomaly. The
2011-2016 seismicity distribution highlights the area where the main
stress was released during the crisis. In Fig. 6a, we show the seismicity



S. Pepe, et al.

Vert. Displacement [cm]

o
o
(=]
(=)
o
n
<
Eo
£ 3
(o]
z 9
o
o
o
[}
Ll
wn
<
418000 423000 428000 433000 438000
East [m]

418000

Remote Sensing of Environment 234 (2019) 111440

EW -Displacement [cm]

423000 428000 433000 438000

East [m]

Fig. 3. InSAR analysis relevant to the investigated steps. (a, b) Contour maps of the vertical and E-W displacements, respectively, measured during the step 1
(reported in Fig. 1): Feb. 2011-May 2012, (c, d) the step 2 (reported in Fig. 1): May 2012-April 2013, and (e, f) the step 3 (reported in Fig. 1): April 2013-Jan. 2014.

All results are superimposed on the SRTM DEM of the area.

divided in three periods, taking into account the same time intervals
identified within the SAR interferometry analysis (Fig. 1).

4. Discussion

The joint analysis of InSAR and seismic interferometry results pro-
vides further insight into how geological structures modulate the de-
formation processes of the CFc caldera. The comparison of the THD,,
maxima computed from the ground deformation measurements with
the contrasts in the ANT group-velocity model (between 0.8 and
1.1 km/s) of different periods (0.9s, 1.2 s and 2 s) indicates that the best
spatial correlation is obtained at 1.2 s (i.e., depths of about 1 km). Both
the THD and ANT analyses resolve the same bi-lobed feature with an
axis of symmetry along the WNW-ESE direction (Fig. 6b). The

distribution of the THD,, maxima intensifies toward the East of Pozzuoli
and is paired by an increased group-velocity contrast of the eastern lobe
(Fig. 6b). A good spatial correlation between the THD,, maxima and the
ANT velocity contrasts is also found in the region at West of the Poz-
zuoli but this contrast is aseismic (Fig. 6a) except for the 2012 deeper
swarm (D'D’ Auria et al., 2015).

4.1. Eastern caldera

The eastern THD,, maxima and the achieved ANT velocity contrasts
intersect a significant hydrothermal vent near Pisciarelli, which acti-
vated in 2013 (Chiodini et al., 2015). Sparse background seismicity
between 2005 and 2016 is spread throughout the eastern CFc; however,
earthquakes located at a depth of 1 = 0.2km (i.e., ANT 1.2s period)
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are predominantly concentrated under Pisciarelli, just east of the
boundary retrieved by THD and ANT technique (Fig. 6b). The most
relevant aspect of our study is thus that the eastern structure lineaments
detected by the ANT at 1 km of depth are the only dynamically-active
structures in the considered period, as they show (1) high rates of the
ground deformation (see THD,, maxima) and (2) earthquakes con-
centrated on the eastern side of the THD,, maxima (Fig. 6b).

These high velocity contrasts and high values of THD,, (corre-
sponding to the boundaries of the source of deformation) mark the
secondary deformation source (depth of ~1 km) modelled by Amoruso
et al. (2014) at Solfatara/Pisciarelli (Fig. 4). This region of secondary
deformation and seismicity corresponds to volcanic vents last active in
1982-84 (Vilardo et al., 2010; Vitale and Isaia, 2014; De Siena et al.,
2017b). We infer that during the 2011-2013 unrest the shallower
secondary source of deformation and seismicity recorded at Solfatara is
the result of a structural effect, triggered by pressure/thermal gradient
(Chiodini et al., 2015) and induced stress produced by the primary
deformation source (Amoruso et al., 2014). The structures modulating
stress, secondary deformation, and seismicity, are likely those in the
shallower part of the high-Vp (> 4.4km/s), low Vp/Vs (< 1.45) and
low-scattering body recently imaged by Calo and Tramelli (2018) under
the eastern sector of the caldera.

Several authors have shown the significant role played by pre-ex-
isting tectonic structures (Orsi et al., 1999; Trasatti et al., 2008;
Manconi et al., 2010), horizontal interfaces (Amoruso et al., 2014; D'D’
Auria et al., 2015; Vanorio et al., 2005) and/or cold magmatic intru-
sions (Chiodini et al., 2015) on the modulation of the ground de-
formation pattern at CFc. This role is confirmed by our maps and be-
comes crucial to understand the stress variations due to magmatic
intrusion within sills (Amoruso et al., 2014), contributing to the dy-
namic assessment of vent opening probability at CFc (Giudicepietro
et al.,, 2016). The spatial distribution of the anomalies (Fig. 6b) in-
dicates that these shallower structures are able to channel fluids in the
Solfatara/Pisciarelli area, where they produce stress and propagate to
surface along almost-vertical structures.
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This inference is supported by the high-resistivity vertical plume
recently imaged by audiomagnetotellurics studies under Solfatara; this
plume coincides with the boundaries retrieved by THD and ANT tech-
niques, with the 1 km seismicity concentrated east of it. In this scenario,
the source boundaries at depth overlap to the pre-existing tectonic
structures due to the magma and/or hydrothermal fluids predisposition
to fill the voids during the unrest events. The fluids travel from the
central feeder-pathway through the fractures to the eastern part of the
caldera; here, they are ultimately channeled by the high-velocity
structures to (1) activate vents at the end of the unrest (Pisciarelli-
Fig. 5); (2) produce the vertical high-resistive plume; (3) enhance the
secondary deformation source depicted by the THD analysis (Amoruso
et al.,, 2014). In summary, our results and published literature depict
Solfatara as an almost-vertical very-low rigidity, low-velocity, highly-
fractured zone (D'D’ Auria et al., 2015; Di Luccio et al., 2015; Isaia
etal., 2015), dynamically stressed from the west or SW at least since the
1982-1984 crisis (De Siena et al. 2017a,b).

4.2. Offshore and western caldera

The shape of the low-velocity anomaly at ~1 km is comparable with
that retrieved by gravity and magnetic fields data analysis in the past
(Florio et al., 1999); especially in its northern boundary it spatially
corresponds to an alignment of maxima obtained by using these tech-
niques in the offshore caldera. This correlation suggests that a similar
boundary may be present offshore, on the SW side of the anomaly.
Nevertheless, the resolution of the seismic tomography images is much
lower offshore (De Siena et al., 2018), while the SAR measurements are
of course missing.

The main evidence against the existence of a setting similar to that
at Solfatara across the western onshore boundaries retrieved by THD
and ANT techniques (e.g. Monte Nuovo, the location of the last eruption
at CFc) is the absence of recorded seismicity between 0 and 2 km. This
absence can be affected by the sparser distribution of station in the
western caldera but agrees with the weaker volcanic activity, e.g., at
Mofete, with respect to Solfatara. The only seismic activity of the last 15
years detected in the western caldera is the September 7th, 2012,
magmatic swarm. The swarm was located at a depth of ~3km (red
circles in Fig. 6a) and at the boundary between the high-velocity
anomaly at Monte Gauro and the low-velocity primary anomaly (De
Siena et al., 2018). Its occurrence corresponded to a local increase in
the shear stress, modelled by the inflation of a sill-shaped reservoir
located a depth of 2.5-3.1 km (D'D' Auria et al., 2015). Considering this
swarm, both the lower contrast in ANT velocities and the decrease in
density of THD,, maxima across the western caldera can be interpreted
as a marker of deeper magmatic dynamics. The rim of the caldera
(Battaglia et al., 2008) and especially the residual of eruptive conduits
created during the last eruption (Chiodini et al., 2015; De Siena et al.,
2018) are structures that may hinder shallower magmatic propagation
in the western caldera or dampen its deformation signals. Deeper maps
(Figs. 5 and 2 s - ~ 2km) show a more consistent agreement with deep
deformation source models. Above these depth, the stress was mainly
released in the eastern caldera in 2011-2013 as here fracturing and
structural features allow for a better channeling of magmatic fluids
towards surface (Calo and Tramelli, 2018; De Siena et al., 2018).

5. Conclusions

We present the first comparison of SAR and ANT interferometric
images at CFc, in order to achieve relevant information about the
subsurface structures and caldera dynamics. While InSAR measure-
ments provide information on both the spatial and the temporal fea-
tures of ground deformation, ANT yields independent structural seismic
constraints necessary to correctly interpret the dynamics of deformation
sources. A significant spatial correlation was identified between the
ANT velocity contrasts and the THD,, maxima distribution under
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Solfatara/Pisciarelli between May 2012 and March 2013, which InSAR
data define as the main phase of deformation unrest. The comparison
with both the spatial seismicity distribution between 2005 and 2013

and the patterns of extinct volcanic vents in the eastern caldera part
(specifically at Solfatara/Pisciarelli and Astroni crater) demonstrate
that these boundaries are dynamically active,

with seismicity
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the Web version of this article.)

concentrated at ~1km to the east of the boundary. We infer that the
imaged ANT velocity contrasts constrain the dynamics of the de-
formation source and the propagation of the magmatic intrusion within
a sill-like structure also channeling the eastward propagation of mag-
matic fluids. Both the absence of seismicity in the first 2 km of the crust
and fading of the THDw maxima suggest that magma and/or hydro-
thermal dynamic is less active in the western side of CFc.

Our work shows the importance of imaging shallow lateral hetero-
geneities when modelling the ground deformation patterns. Indeed,
secondary structural effects may amplify local deformation in the early
stage of an unrest: these signals can be mistakenly defined as early signs
of impending eruptions (Del Gaudio et al., 2009). Accordingly, the
importance of these structural effects should not be underestimated
when interpreting geodetic data, modelling deformation sources or in
the design of future monitoring networks. The joint exploitation of the
InSAR measurements and seismic data revealed to be an excellent op-
tion to better understand the nature and the spatio-temporal pattern of
the ground deformation source(s) at CFc. A combined application of
InSAR and seismic tomography techniques like the one proposed here
can provide a new perspective to understand the origin of deformation
signal at other volcanoes, especially in calderas where magma propa-
gation is expected to occur preferentially within sills.
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