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 We demonstrated that a joint analysis of the InSAR and seismic parameters allow us 
to model in space and time the characteristics and nature of the deformation source. 
In particular, the effects of structural heterogeneities at shallow depths may have a 
greater impact on the evolution of the surface displacement signals than deeper 
magmatic signals at the surface: these secondary structural effects may thus 
produce local amplification in deformation records which can be mistakenly 
interpreted as early signals of impending eruptions. 

 

 In this study, we jointly exploited two interferometric techniques to interpret the 
2011-2013 unrest at Campi Flegrei caldera (CFc). The first is Interferometric 
Synthetic Aperture Radar (InSAR), which provides highly-resolved spatial and 
temporal images of ground deformation. The second is Ambient Noise Tomography 
(ANT), which image subsurface structure provides the constraints necessary to 
correctly interpret the source of ground deformation. 

 

 We applied for the first time an effective tool to delineate the caldera structures 
modulating the observed deformation: the Total Horizontal Derivative (THD) for the 
analysis of the vertical component of the ground deformation field detected through 
InSAR applied to COSMO-SkyMed data. 
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Abstract  20 

One of the best ways to understand volcanic unrest is to image the volcanic structures to aid 21 

modeling their evolution in space and time. Observations from satellites provide high-resolution 22 

images of ground deformation at surface allowing to interpret deformation sources by developing 23 

advanced modeling of magma ascent and intrusion processes. Nevertheless, such models can be 24 

strongly biased without a precise information about the structures of the volcano. In this study, 25 

we jointly exploited two interferometric techniques to interpret the 2011-2013 unrest at Campi 26 

Flegrei caldera (CFc). The first is Interferometric Synthetic Aperture Radar (InSAR), which 27 

provides highly-resolved spatial and temporal images of ground deformation. The second is 28 

Ambient Noise Tomography (ANT), which image subsurface structure provides the constraints 29 

necessary to correctly interpret the source of ground deformation. We applied for the first time 30 

an effective tool to delineate the caldera structures modulating the observed deformation: the 31 

Total Horizontal Derivative (THD) for the analysis of the vertical component of the ground 32 
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deformation field detected through InSAR applied to COSMO-SkyMed data. The patterns 33 

retrieved by applying THD technique show consistent spatial correlations with the seismic 34 

group-velocity maps obtained through the ANT and the seismicity distribution of the earthquakes 35 

nucleated during the unrest. In 2011-2013, high-velocity anomalies, THD boundaries, and 36 

seismicity spatial distribution coincide with extinct volcanic vents in the eastern part of the 37 

caldera (Solfatara/Pisciarelli and Astroni). Such a coincidence hints at a significant role of the 38 

extinct plumbing system in constraining the eastward propagation of magmatic fluids. Here, we 39 

demonstrated that a joint analysis of the InSAR and seismic parameters allow us to model in 40 

space and time the characteristics and nature of the deformation source. In particular, the effects 41 

of structural heterogeneities at shallow depths may have a greater impact on the evolution of the 42 

surface displacement signals than deeper magmatic signals at the surface: these secondary 43 

structural effects may thus produce local amplification in deformation records which can be 44 

mistakenly interpreted as early signals of impending eruptions. Indeed, it can provide a new 45 

perspective to better understand the origin of deformation signal at volcanoes where magma 46 

propagation within sills is expected, as for the CFc case. 47 

 48 

1 Introduction 49 

In the last decades, numerous multi-platform earth observation technologies, that ranging from 50 

proximal to remote sensing ones, were developed. Several frameworks were involved by these 51 

technological advances as: the monitoring of the natural systems, the characterization of 52 

environmental parameters, the quantitative evaluation of the impact of anthropogenic processes 53 

and the study of ground deformations phenomena, especially in the regions of the planet affected 54 

by volcanic, seismogenic and landslides hazards. In volcanic environments, many studies 55 
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demonstrated that the joint exploitation of proximal and remote sensing techniques allowed to 56 

better characterize the internal features of feeding system and its temporal evolution (Tizzani et 57 

al., 2010; Masterlark et al. 2012; Del Negro et al. 2013; Mattia et al., 2015; Masterlark et al. 58 

2016; Castaldo et al., 2018a).        59 

Specifically, to ground deformation studies the Interferometric Synthetic Aperture Radar 60 

(InSAR) is a rapidly-evolving remote-sensing technology capable of imaging surface 61 

deformation relevant to wide areas (Massonnet & Feigl, 1998; Bürgmann et al., 2000). It exploits 62 

the phase difference (interferogram) between pairs of SAR images, collected over the same area 63 

at different epochs (temporal baseline) and with different orbital positions (spatial baseline). It 64 

provides a measurement of the ground deformation projected along the radar Line Of Sight 65 

(LOS), with a centimeter-to-millimeter accuracy (Gabriel et al., 1989). In the last decades, 66 

several InSAR algorithms have been developed to detect surface deformation and to analyze 67 

their space-time characteristics using large stacks of SAR images acquired from different 68 

satellites. These approaches exploit long sequences of differential interferograms in order to 69 

generate time-series of the detected LOS-projected displacements for each coherent point (i.e., 70 

where the phase information is preserved) (Ferretti et al., 2001; Mora et al., 2003; Hooper et al., 71 

2004). Among these algorithms, the Small BAseline Subset (SBAS) approach (Berardino et al., 72 

2002; Pepe et al., 2005) is well suited to resolve the space-time evolution of the surface 73 

deformation at volcanoes and it is currently implemented to monitor volcanic activity worldwide 74 

(Lanari et al., 2002; Borgia et al., 2005; Fernandez al., 2009; Tizzani et al., 2009; Solaro et al., 75 

2010; Tizzani et al., 2010; Tizzani et al., 2015; De Novellis et al., 2017; Castaldo et al., 2017; 76 

Pepe et al., 2017, 2018).  77 
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The InSAR results (i.e., mean deformation velocities maps and corresponding time-series) are 78 

currently used to support the modeling and interpretation of the source and dynamics of 79 

deformation phenomena in volcanic areas. In particular, these models work well for bell-shaped 80 

deformation anomalies, typical of the unstructured caldera floors like Long Valley and 81 

Yellowstone (Tizzani et al. 2007; 2009; 2015). On the contrary, they may suffer from major 82 

biases when performed in structured calderas, as Campi Flegrei caldera (CFc); in this case, pre-83 

existing tectonic structures (Orsi et al., 1999), shallow horizontal interfaces (Vanorio et al., 2015) 84 

and/or cold magmatic intrusions (Chiodini et al., 2015) may produce a secondary effect on the 85 

deformation pattern, most evident during the early stages of the processes (Del Gaudio et al., 86 

2009). As already known, the structural constraints modulate the ground deformation pattern 87 

detected through InSAR analysis (Battaglia et al., 2006; Trasatti et al., 2008; Manconi et al., 88 

2010; D’Auria et al., 2015). Therefore, without any spatial constraint on the volcanic structures 89 

at depth, the geometry and the characteristics of deformation sources become uncertain, leading 90 

to incorrect interpretations of volcanic unrest from deformation data, especially at the earlier 91 

stages of a volcanic crisis, when the signal/noise ratio is still low. At CFc, seismic imaging 92 

(Zollo et al., 2003; Vanorio et al. 2005; Battaglia et al. 2008; De Siena et al. 2010; 2017a, 2017b; 93 

2018; Calò and Tramelli 2018) and boundary analysis techniques of potential fields data (Florio 94 

et al., 1999) give information about the structural constraints necessary to map fractures, 95 

interfaces, and older plumbing systems.  96 

Regarding to the active state of stress of CFc, the last major seismic crises of the area date back 97 

to the 1982-84 volcanic unrest (Aster & Meyer, 1988); in this period, a reservoir of high-pressure 98 

fluids was repeatedly fractured by magmatic intrusions (Amoruso et al., 2008) and/or fluid 99 

injections (Vanorio et al., 2015) under the town of Pozzuoli (De Siena et al., 2017b). Since 1985, 100 
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seismicity has mostly been limited to the shallow hydrothermal systems, progressively shifting 101 

towards the eastern side of the caldera together with volcanic activity (Di Luccio et al., 2015). In 102 

the present study, the earthquakes occurred during the interval 2005-2016 are taken into account. 103 

They were recorded by the permanent seismic networks of Osservatorio Vesuviano - Istituto 104 

Nazionale di Geofisica e Vulcanologia (INGV). The nucleation of microearthquakes and the 105 

spatial cutoff at depth are strongly linked to the rheological stratification of the crust beneath the 106 

CFc (Castaldo et al., 2018a). We stress that the seismicity currently recorded at CFc is too low in 107 

magnitude and sparse to let applying local earthquake tomography (D’Auria et al., 2011).  108 

In recent years, seismic noise interferometry has rapidly grown as a standard imaging (Shapiro et 109 

al., 2005; Brenguier et al., 2007) and monitoring (Lecocq et al., 2014) technique over the last 15 110 

years. It has shown to be particularly useful in studying the structure and the dynamics of active 111 

volcanoes (Brenguier et al., 2007). This technique turns noise recorded at two seismic stations 112 

into seismic signals propagating between them (Curtis et al., 2006). As for InSAR, the name 113 

interferometry refers to the phenomenon of interference. More precisely, scientists can 114 

reconstruct the Green’s function, as the impulse was produced at one station and recorded at the 115 

other (Waapenar & Fokkema, 2006). This response provides high quality seismic data for 116 

applying Ambient Noise Tomography (ANT) in complex geological structures as volcanoes 117 

(Sens-Schönfelder et al., 2006; Brenguier et al., 2007; Nagaoka et al., 2012; Obermann et al., 118 

2013; Jaxybulatov et al., 2014; Garnier and Papanicolau, 2016). With this technique, De Siena et 119 

al. (2018) have imaged the Rayleigh-wave velocity of the fluid feeder-pathway responsible for 120 

the 2011-2013 deformation unrest at CFc. This is the first tomographic image of the onshore 121 

caldera during the current unrest episode since the 1984 one, hence the first that can jointly 122 

exploit with InSAR results. 123 
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For what concern the natural seismicity, on September 7
th

 2012 a deeper seismic swarm, of 124 

possible magmatic origin, occurred during the rapid uplift recorded in 2012-2013 and coincided 125 

with the interruption of about 28 years of seismic activity driven almost exclusively by shallow 126 

hydrothermal processes (D’Auria et al., 2011). In this period, the ground deformation observed 127 

through satellite interferometry and GPS measurements has been interpreted as the effect of an 128 

intrusion at shallow depth (3090 ± 138 m) of 0.0042 ± 0.0002 km
3
 of magma within a sill 129 

(D’Auria et al. 2015), whose location agrees with the low-velocity zone imaged by ANT (De 130 

Siena et al. 2018). 131 

In the present study, SAR and seismic interferometry between 2011 and 2013 provide dynamic 132 

and structural information that can be jointly used to interpret the deformation processes. While 133 

the former allows identifying the deformation source boundaries laterally and/or the involved 134 

volcanic structures that modulate the observed deformation pattern, the latter yields a velocity 135 

model characterizing the structure of the volcano in 3D. The comparison of their results with the 136 

2005-2016 earthquake locations highlights the volume where the stresses are concentrated, 137 

confirming that the caldera structures play an active role in modulating deformation signals. 138 

 139 

2 Data and Methods  140 

2.1. SAR Interferometry 141 

We apply the Small BAseline Subset (SBAS) approach (Berardino et al., 2002; Pepe et al., 2005) 142 

to detect and follow the temporal evolution of the surface deformation at CFc. To this aim, we 143 

consider the SAR data acquired from the Italian COSMO-SkyMed constellation along ascending 144 

and descending orbits. Specifically, we processed 215 ascending and 46 descending SAR data
1
 145 

                                                           
1
 The temporal sampling for the descending orbits is significantly 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 guarantee the collection of SAR 
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relevant to the February 2011 - January 2014 time-interval, computed about 750 interferograms 146 

from the ascending orbits and 102 from the descending ones (selected by imposing maximum 147 

perpendicular and temporal baseline values of 800 m and 400 days, respectively), inverted the 148 

interferograms by applying the above mentioned SBAS-InSAR technique to generate mean 149 

deformation velocity maps (Figure 1a,b) and corresponding time-series. All the achieved results 150 

were computed on an output grid with a 30 m × 30 m spacing and are relative to a point located 151 

at Napoli city center. 152 

The availability of InSAR measurements for both the ascending and descending radar LOS 153 

(Figure 1a,b) allows discriminating the Vertical (V) and East–West (E-W) mean velocity 154 

components (Figure 1c,d) (Manzo et al., 2006). Moreover, we resampled (via a linear 155 

interpolation) the available LOS-projected time-series pairs on a temporal grid with an 11-days 156 

sampling as the ascending and descending satellite images are acquired at different times and 157 

with a non-uniform temporal sampling (Del Negro et al., 2013). This allowed the computation of 158 

time-series pairs representing the temporal evolution of the E-W and Vertical deformation 159 

components (Figure 1e-g).  160 

In addition, we show the LOS mean-deformation velocity maps achieved by processing SAR 161 

data acquired from ascending and descending orbits, respectively (Figure 1a,b); both maps 162 

record a LOS velocity maximum of about 6 cm/year at the Pozzuoli harbor, with the velocity 163 

pattern accommodated within the caldera boundaries. Figure 1c,d depicts the vertical and E-W 164 

components of the mean velocity field, respectively. The first reveals an extended deformation 165 

pattern that involves the whole caldera, the latter the presence of a region of very-low velocity 166 

that separates the eastern and western sides of the caldera. In Figure 1e-g, we report the time-167 

                                                                                                                                                                                           
images in the same conditions and with the same characteristics over time. This acquisition approach can limit the generation of 

long time-series of data, necessary for InSAR applications. 
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series of the Vertical and E-W components for three pixels located within the caldera (P1 in 168 

Figure 1c, P2 and P3 in Figure 1d). The vertical component of the ground deformation reaches 169 

a maximum value of about 18 cm (plot of Figure 1e), while the horizontal displacements 170 

towards East and West reach maximum values of 8 cm (plot of Figure 1f) and about 6 cm (plot 171 

of Figure 1g), respectively. 172 

In detail, the vertical displacements at P1 show three nearly-linear deformation trends (Figure 173 

1e): step 1 (from February 2011 to May 2012) and step 2 (from May 2012 to April 2013) display 174 

positive deformation rates of about 4.8 cm/yr and 13 cm/yr respectively, while step 3 (April 2013 175 

to January 2014) shows no relevant deformation. In particular, at the end of the first step, we 176 

measure for pixel P1 a maximum vertical displacement of about 6 cm, while at the end of the 177 

second one, the cumulative vertical displacement is about 18 cm.  178 

In order to perform a basic edge detection of deformation source boundaries, we use in this paper 179 

the Total Horizontal Derivative (THD) technique. It is an edge detection filter commonly 180 

employed for analyzing potential field data (Blakely, 1996; Florio et al., 1999; Fedi and Florio, 181 

2001), which provides geometrical information about the sources of the field, such as its 182 

boundaries. This technique is based on analyzing the distribution of the magnitude of the 183 

horizontal gradient, computed from the first order x- and y-derivatives of the field; such 184 

distribution depends on the source geometry since its maxima match with the physical parameter 185 

variation causing the field, and so with the boundaries of the sources (Blakely, 1996). Despite 186 

some limitations in its applicability and accuracy (Blakely et al., 1996), it is a powerful boundary 187 

analysis technique 188 

We apply the THD for the first time to the ground deformation field retrieved by processed 189 

InSAR measurements. Following Castaldo et al. (2018b), we apply the THD algorithm to the 190 
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vertical deformation at CFc; in this context, the technique provides reliable results, since its 191 

suitability in the case of abrupt lateral contrasts of the investigated property (Blakely, 1996).  192 

We define the THD magnitude for the ground deformation field as: 193 

 194 

      
          

  
 
 

  
          

  
 
 

              (1), 195 

 196 

where          represents the vertical component of the ground deformation and         the 197 

spatial coordinates. A correct computation of the THD implies that the data are referred to the 198 

same z-level; thus, we performed our THD computation after reducing the vertical ground 199 

deformation component to a constant level (Castaldo et al., 2018b; Barone et al., 2019) by using 200 

a CWT-domain algorithm (Ridsdill and Smith, 1999).  201 

The horizontal derivatives are then easily calculated using simple finite-difference relationships 202 

(Blakely, 1996).  203 

We remark that the THD maxima allow detecting the surface projection of source boundaries 204 

(i.e., the magmatic reservoirs) and/or the involved volcanic structures that modulate the observed 205 

deformation pattern.  206 

 207 

2.2 Seismic Interferometry 208 

Tomographic methods can model sub-surface structures at different scales and in different 209 

geodynamic contexts; their contribution today is significant when the target is identifying 210 

plumbing systems and characterizing the nature and dynamic of magmatic, hydrothermal and 211 

geothermal reservoirs (Vanorio et al., 2005; 2015; De Siena et al., 2017; Koulakov et al., 2018). 212 

Seismic tomography maps the Earth subsurface with seismic waves produced by earthquakes 213 
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(passive) or explosions (active) sources, and recorded at a seismic network. Seismic attributes, 214 

like body-wave phases or amplitudes, are inverted for physical parameters (e.g. seismic velocity 215 

or attenuation) whose dependency on the attributes is described by physical equations. The 216 

solution is a 3D model of the subsurface, an image of structural, thermal, or compositional 217 

variations inside the Earth; in calderas, such models have recently been used to model the 218 

dynamics that have led to volcanism (Reuber et al., 2018).  219 

In the last 15 years, researchers have paired these imaging techniques with ANT, a unique 220 

subsurface imaging tool in areas of sparse or no seismicity. ANT uses the ambient seismic noise 221 

wavefields continuously recorded at a seismic network to image seismic wave velocities, without 222 

the use of earthquakes or artificial explosions (Shapiro et al., 2005). Depending on scale and 223 

ambient-noise source distribution, the technique analyzes noise time series (Figure 2a) that span 224 

from hours, to days, to years. The cross correlation of the noise time series recorded at positions 225 

x1 and x2 (n(x1,t) and n(x2,t)), each of which is the superposition of rightward- and leftward-226 

propagating noise source fields (Figure 2b), gives the Green’s function (G) between x1 and x2 227 

plus its time-reversed version (Figure 2c), convolved with the autocorrelation of the noise
2
 228 

(SN(t)) (Waapenar & Fokkema, 2006): 229 

 230 

                                                                                   (2) 231 

 232 

where * is anti-convolution operator 233 

 234 

                                                           
2
 Here, we present a derivation of the connection between cross-correlation operation and Green function between stations in 1D. 

The surface-wave retrieval 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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The ensemble averaging (<>) is replaced in practice by integrating over sufficiently long time. 235 

As the cross-correlation operation basically reconstructs an interferogram, the technique is also 236 

commonly referred to as “seismic interferometry”. Noise recorded with vertical-component 237 

sensors mainly comprises Rayleigh waves, thus the Earth Green’s functions retrieved by the 238 

technique retrieves are the Rayleigh-wave fundamental and (if data are of sufficient quality) 239 

higher modes (Curtis et al., 2006). Equation (2) is theoretically valid only in the case of 240 

uncorrelated and isotropic noise. At seismic periods between 1s and 2s, noise sources are at the 241 

seashore at CFc (Ardhuin et al., 2011; De Siena et al., 2018). While these noise sources are far 242 

from being isotropic at CFc, especially along the SN direction, a careful selection of waveforms 243 

and processing allows the retrieval of the main surface-wave mode. 244 

The signal reported in Figure 2c is recovered by cross-correlating the ambient noise recorded for 245 

at least one year at the temporary seismic stations of the Osservatorio Vesuviano - INGV during 246 

CFc 2011-2013 unrest. Its causal and acausal components correspond to the surface wave 247 

fundamental mode that would be recorded at a seismic station if the source of surface waves was 248 

located at the other. The standard framework for surface-wave imaging employed by De Siena et 249 

al., (2018) picks the fundamental mode recovered at different periods (0.9 s, 1.2 s, 1.5 s and 2 s) 250 

and maps the surface velocity variations in space. The whole framework from seismic noise 251 

correlation to surface-wave imaging is commonly known as ANT. 252 

 253 

3 Results 254 

The advanced InSAR measurements, specifically, the vertical and E-W displacements of the 255 

whole caldera relevant to the three identified temporal steps (see Figure 1), are shown in Figure 256 

3. We observe that the E-W and Up-Down deformations drastically increase both spatially and in 257 
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magnitude from step 1 to step 2 (Figure 3a-d). The region of maximum vertical displacement 258 

corresponds to the area of lowest E-W deformation, particularly at step 2 (from May 2012 to 259 

April 2013), when the maximum deformation rate is recorded. 260 

In order to investigate the source boundaries (i.e., possible magmatic reservoirs) and/or the 261 

involved volcanic structures that modulate the observed deformation pattern, we apply the THD 262 

to the vertical displacement occurred during the second step. We first spatially regularize the 263 

considered dataset via ordinary kriging geostatistical interpolator (Li, 2008); then, we process the 264 

gridded vertical component by performing the constant level reduction at 200 m a.s.l.. Then, we 265 

compute the THD, and analyze the spatial distribution of its maxima (Figure 4), which is 266 

described by a bi-lobed shape having its axis of symmetry along the WNW-ESE direction. The 267 

alignment of the maxima is clearly defined to the east of Pozzuoli harbor, while the intensity of 268 

the maxima decreases in the western part of the caldera.  269 

Figure 5 shows the contour maps of the ANT group-velocity model obtained at periods 0.9 s 270 

(~0.9 km of depth), 1.2 s (~1 km of depth) and 2 s (~1.7 km of depth) by De Siena et al. (2018). 271 

The depths were inferred using the 1D velocity model of Battaglia et al., (2008), while the 272 

seismic model has low-to-none resolution in shaded areas. Low-velocity anomalies comprise the 273 

western part of the metropolitan area of Naples at all depths (east in Figure 5) and are likely due 274 

to caldera infills. High-velocity anomalies follow the caldera rim and contour low velocities to 275 

the west, NW, and NE, in correspondence with extinct vents active during the last 15 ka (Vilardo 276 

et al. 2010; Vitale et al. 2014). The lowest velocities are centered between Pozzuoli, Monte 277 

Nuovo and Monte Gauro and describe an approximate circular shape at 2 s: at this period, a 278 

prominent high-velocity anomaly appears outside of the rim, just south of Solfatara, and 279 

underlies younger vents (>5 ka). The 2 s low-velocity anomaly has been interpreted by De Siena 280 
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et al., (2018) as a “feeder-pathway” allowing for the migration of hot volcanic fluids to the upper 281 

structures of the volcano. The fluids migrate from west to east, following the shift in the center 282 

of the low-velocity anomaly. This shift is paired by the migration towards east (1.2 s), and 283 

disappearance (0.9 s) of the Solfatara high-velocity anomaly. 284 

The 2011-2016 seismicity distribution highlights the area where the main stress was released 285 

during the crisis. In Figure 6a, we show the seismicity divided in three periods, taking into 286 

account the time interval identified with the SAR interferometry (Figure 1). 287 

 288 

4 Discussion 289 

The joint analysis of InSAR and seismic interferometry results provides further insight into how 290 

the structures of the volcano modulate the deformation processes in the center of the caldera. The 291 

comparison of the THD maxima with the contrasts in the ANT group-velocity model (between 292 

0.8 and 1.1 km/s) of different periods (0.9 s, 1.2 s and 2 s) reveals that the best spatial correlation 293 

is obtained at 1.2 s (i.e., depth of about 1km). In Figure 6b, both patterns agree with a bi-lobed 294 

shape with the axis of symmetry along the WNW-ESE direction. The distribution of THD 295 

maxima intensifies toward the East of Pozzuoli, and matches exactly the increased group-296 

velocity contrast of the eastern lobe; in particular, the maxima intersect the area of Pisciarelli, 297 

where a significant hydrothermal vent opened in 2013 (Chiodini et al., 2015). Furthermore, the 298 

distribution of the 2005-2016 earthquakes located at a depth of 1 ± 0.2 km (i.e., ANT 1.2 s 299 

period) are predominantly concentrated East of Pozzuoli (Figure 6b). 300 

A good correlation between the THD maxima and the ANT velocity contrasts is also found in the 301 

region at West of the Pozzuoli Bay; in this area, the seismicity is deeper than the volume imaged 302 

by using ANT technique. We stress that the background seismicity at CFc is spread throughout 303 
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all crustal volumes between 2005 and 2011 while the seismicity at 1 km of depth strongly 304 

focuses at the THD maxima. 305 

The most striking result we present is the coincidence between buried structures imaged via ANT 306 

analyses and the THD approach. The quantitative comparison between these two findings allows 307 

sheding light on some essential aspects of the recent dynamics of the CFc, in the context of 308 

previous studies. Firstly, the most relevant aspect that emerges is that the eastern structure 309 

lineaments detected by ANT analysis at 1km of depth is dynamically active in the considered 310 

period as emphasized by both the high rate of the ground deformation (see THD maxima) and 311 

the high spatial concentration of recorded seismicity during the investigated time period (Figure 312 

6b). 313 

In detail, both high-velocities (0.8-1.1 km/s) and maxima of the THD (generally corresponding 314 

to the stationary boundaries of the primary source of deformation) mark the secondary 315 

deformation source (depth of ~1 km) modeled by Amoruso et al., (2014) at Solfatara/Pisciarelli 316 

throughout the unrest (Figure 4). This region of secondary deformation and seismicity 317 

corresponds to volcanic vents active during the last 5 ka, as in 1982-84 (Vilardo et al., 2010; 318 

Vitale et al., 2014; De Siena et al., 2017b). As in 1982-84 (De Siena et al., 2017a, b) also during 319 

the 2011-2013 unrest the shallower secondary source of deformation and seismicity at Solfatara 320 

are likely a structural effect, triggered by the pressure and thermal gradient (Chiodini et al., 321 

2015) and induced by the stress produced by the primary deformation source. The structure 322 

modulating stress, secondary deformation, and seismicity, is likely the shallower part of the high-323 

Vp (>4.4 km/s), low Vp/Vs (<1.45) and low-scattering body recently imaged by Calò and 324 

Tramelli (2018) under the eastern sector of the caldera. In this scenario, it is reasonable to 325 

consider that, at depth, the source boundaries tend to overlap to the pre-existing tectonic 326 
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structures due to the magma and/or hydrothermal fluids predisposition to fill the voids during the 327 

unrest events. We infer that fluids likely travel from the central feeder-pathway through fractures 328 

to the eastern part of the caldera, with their rise to vents opened at the end of the unrest 329 

(Pisciarelli) controlled by the high-velocity structures under Solfatara (Figure 5). 330 

In this context, the earthquakes in 2012-2013 occur mostly between 0 and 2 km of depth (Figure 331 

6a), across the high-velocity southern and western sides of the Solfatara crater (Di Luccio et al. 332 

2015; Chiodini et al. 2017). The only exception is the September 7th 2012 magmatic swarm, 333 

located deeper than 2 km (red circles in Figure 6a) at the boundary between the high-velocity 334 

Monte Gauro and the low-velocity primary anomaly (De Siena et al. 2018). Its occurrence 335 

corresponds to a local increase in the shear stress caused by the inflation of a sill-shaped 336 

reservoir located a depth of about 3.1 km, because of a magmatic intrusion (D’Auria et al., 337 

2015). Therefore, the high-velocity aseismic structures at ~1 km depth marking the Mofete and 338 

Astroni craters, located W and NE of Pozzuoli could be interpreted as the rim of the caldera 339 

(Battaglia et al. 2008) and may show the effect or the residual of eruptive conduits located across 340 

the caldera border (Chiodini et al. 2015; De Siena et al. 2018). It is important to note that the 341 

shape of the low-velocity anomaly at 1.2 s is comparable with that retrieved by potential fields 342 

data analysis (Florio et al., 1999). This suggests that a similar boundary may be present offshore, 343 

on the SW side of the anomaly. Nevertheless, the resolution of the seismic tomography image is 344 

much lower offshore and the SAR measurements are of course missing, so it is mandatory to 345 

consider other analyses to image the entire caldera geometry. We stress that, according to Florio 346 

et al., (1999), the northern boundary retrieved through the THD analysis of vertical deformation 347 

(see Figure 4), spatially corresponds to a maxima alignment carried out from the use of the same 348 

technique on both gravity and magnetic fields.  349 
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The active subsurface structural lineaments outlined via quantitative comparison of THD and 350 

ANT results may limit the horizontal propagation of the possible magmatic intrusion within the 351 

sill-like structures. An example should be represented by the 2012 magma intrusion episode 352 

beneath detected low-velocity zone. As emphasized by D’Auria et al. (2015), this sill-shaped 353 

reservoir represented a persistent feature in the volcanic structures of CFC, periodically refilled 354 

with magmatic/hydrothermal fluids. This observation is crucial not just to understand unrest 355 

dynamics at structured calderas, but more generally for volcanic hazard assessment and 356 

mitigation wherever magma intrudes within sills. Mapping pre-existent lateral boundaries that 357 

affect the recorded ground deformation becomes crucial in hazard assessment, as the stress 358 

variations due to magmatic intrusion within sills greatly contributes to the dynamic assessment 359 

of vent opening probability (Giudicepietro et al, 2016). 360 

The combined analysis of SAR and ANT interferometry additionally provides a 4D description 361 

of the 2011-2013 CFc unrest. Our results (Figure 6) prove that the pre-existent lateral contrasts 362 

in the caldera at ~1 km are those constraing the deformation source under Pozzuoli in 2011-363 

2013, and likely before (Amoruso et al. 2014). These high-velocity constraints are mostly 364 

correlated in space to past eruptive activity developing across caldera-bounding faults (Vilardo et 365 

al. 2010; Vitale et al. 2014). At the Solfatara and Pisciarelli craters, the mechanical and thermal 366 

stress produced by the deformation source acts on pre-existent structures, likely controlling 367 

early-stage deformation signals as well as seismic patterns. 368 

 369 

5 Conclusions 370 

We present the first comparison of SAR and ANT interferometric measurements at CFc, in order 371 

to achieve images of ground and subsurface structures, respectively. While InSAR measurements 372 
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provide information on both the spatial and the temporal features of ground deformation, ANT 373 

yields independent structural seismic constraints necessary to correctly interpret the dynamics of 374 

deformation sources. The final map is a snapshot of the volcano dynamics during the 2011-2013 375 

episode, with important implications on investigation about past and future unrests of CFc. 376 
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In our case, considering the coincidence of the ANT derived by high-velocity anomalies, the 377 

THD maxima distribution, and the spatial seismicity distribution in 2011-2013 with extinct 378 

volcanic vents in the eastern caldera (specifically at Solfatara/Pisciarelli and Astroni craters) we 379 

show how they affect directly the dynamics of the deformation source or, in other words, the 380 

propagation of the magmatic intrusion within a sill-like structure, constraining the eastward 381 

propagation of magmatic fluids.  382 

Accordingly, the effects of structural heterogeneities at shallow depths may have a greater 383 

impact on the evolution of the surface displacement signals than deeper magmatic signals at the 384 

surface: these secondary structural effects may thus produce local amplification in deformation 385 

records which can be mistakenly interpreted as early signals of impending eruptions. The 386 

importance of these structural effects on monitoring observations should not be underestimated. 387 

This result may have a significant impact on the design of future monitoring networks trying to 388 

provide early warning of magmatic unrests at CFc, since they highlight the greater sensitivity of 389 

some areas of the caldera to ground deformation in comparison to others. 390 

A joint exploitation of the InSAR measurements and seismic data is likely the best option to 391 

model deformation source nature and characteristics in space and time. Most likely, a combined 392 

application of InSAR and seismic tomography techniques like the one proposed here can provide 393 

a new perspective to understand the origin of deformation signal at other volcanoes, especially in 394 

calderas where magma propagation is expected to occur preferentially within sills. 395 

 396 

 397 

Acknowledgments: 398 

This work was supported by the IREA-CNR/Italian Civil Defense Protection Department and the 399 

IREA-CNR/Italian Ministry of Economic Development DGS-UNMIG agreements; partially 400 

supported by DTA. AD004.065.001 Geophysics Project CNR _PDGP 2016- 2019, by the 401 



SAR vs Seismic Interferometry at Campi Flegrei caldera 

 19 

"TFmicrosismicidad-magnetotelúrica (PTQ-15-08032) project, co-financed by the Torres 402 

Quevedo Program of the R&D Spanish National Plan 2013-2016". Moreover, we acknowledge 403 

the Scottish Alliance for Geosciences and Society (SAGES) for granting De Siena a Postdoctoral 404 

and Early Career Researcher Exchanges (PECRE) grant, used to develop most of the seismic 405 

analyses developed in this study". 406 

 407 

Author Contributions 408 

S.P., L.D.S. and P.T. conceived the research; L.D.S., M.R.M, S.P., F.C. performed the seismic 409 

interferometry and SAR data processing and analysis. L.D, F.B. performed the seismic data 410 

analysis. R.C., A.B., M.F. and P.T. developed and applied the THD to the ground deformation 411 

field achieved by processed InSAR measurements. All authors co-wrote and reviewed the 412 

manuscript. 413 

 414 

Conflicts of Interest: no conflict of interest. 415 

 416 

Figure Captions: 417 

 418 

Figure 1: SAR Interferometry. (a-b) Contour maps of LOS mean velocity, computed by 419 

applying the SBAS algorithm to the exploited COSMO-SkyMed ascending and descending SAR 420 

data processing the 2011-2013, respectively. (c-d) Contour maps of Vertical and E-W mean 421 

velocity components; P1, P2 and P3 identify three pixels located in the areas of maximum 422 

vertical (P1), western (P2) and eastern (P3) mean velocity. The magenta full circles represent the 423 

location of Pozzuoli site (PZ), Napoli city (NA) Monte Nuovo (NU), Pozzuoli Harbor (HR), 424 

Astroni crater (AS), Solfatara crater (SO), Pisciarelli fumarole spring (PI), Mount Gauro (GA) 425 

and San Vito (SA). All results are superimposed on the SRTM DEM of the area. (e-g) Vertical 426 

(P1) and East-West (P2 and P3) displacement time-series. The analyzed time period is divided in 427 

three steps (gray color regions) for different linear deformation trends.  428 

 429 

Figure 2: Seismic Interferometry. Data and principles underlying seismic interferometry 430 

imaging during the 2011-2013 unrest: (a) seismic stations recorded a minimum of 1 year of 431 

ambient noise, whose sources are at the seashore; (b) cross-correlation of the simultaneous, 432 

uncorrelated, ambient-noise sources (black stars) propagating in opposite directions along the 433 

two-station line provides the Green’s function (Earth response to an impulse) between the 434 

stations plus its time-reversed version. The cross-correlation effectively transforms each seismic 435 

station into a source of surface waves (red stars); (c) effective correlations (Green functions) 436 

retrieved from the noise dataset filtered between 1 and 2.4 s, shown for station pairs at increasing 437 

inter-station distances. The waves propagating at positive and negative relative times are the 438 

fundamental mode of a surface wave produced at a station and recorded at the other. 439 

 440 

Figure 3: InSAR analysis relevant to the investigated steps. (a, b) Contour maps of the 441 

vertical and E-W displacements, respectively, measured during the step 1, between Feb. 2011 – 442 
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May 2012, (c, d) the step 2, between May 2012 – April 2013, and (e, f) the step 3, between April 443 

2013- Jan. 2014. All results are superimposed on the SRTM DEM of the area. 444 

 445 

Figure 4: THD analysis of the temporal step 2. a) THD results of the vertical deformation 446 

component related to step 2 (May 2012 – April 2013). The green crosses identify the maxima of 447 

the THD. The magenta circles represent the location of Pozzuoli site (PZ), Napoli city (NA) 448 

Monte Nuovo (NU), Pozzuoli Harbor (HR), Astroni crater (AS), Solfatara crater (SO), Pisciarelli 449 

fumarole spring (PI), Mount Gauro (GA) and San Vito (SA). The results are superimposed on 450 

the SRTM DEM of the area. 451 

 452 

Figure 5: ANT group-velocity model at different periods. Surface-wave (Rayleigh) group-453 

velocity contour maps retrieved at different periods (0.9s, 1.2s, 2s) by the ANT analysis during 454 

the 2011-2013 unrest. The shaded polygon shows low-to-no resolution area. 455 

 456 

Figure 6: 2005-2016 seismicity and SAR vs Seismic Interferometry. (a) Epicentral 457 

distribution of local seismicity relevant to the three temporal steps reported in Figure 1. (b) 458 

Comparison between the maxima of THD (green crosses) and the 1.2 s period (~ 1 km depth) 459 

seismic velocity contour map with the 2005-2011 (blue circles), 2012-2013 (red circles), 2014-460 

2016 (yellow circles) earthquake distributions selected between 800 m and 1200 m of depth. 461 

 462 

  463 
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