
Geodetic constraints to the source mechanism
of the 2011–2013 unrest at Campi
Flegrei (Italy) caldera
Elisa Trasatti1, Marco Polcari1, Maurizio Bonafede2, and Salvatore Stramondo1

1Istituto Nazionale di Geofisica e Vulcanologia, Rome, Italy, 2Department of Physics and Astronomy, University of Bologna,
Bologna, Italy

Abstract Campi Flegrei caldera (Italy) was affected by a new unrest phase during 2011–2013. We exploit
two COSMO-SkyMed data sets to map the deformation field, obtaining displacement rates reaching
9 cm/yr in 2012 in the caldera center. The resulting data set is fitted in a geophysical inversion framework
using finite element forward models to account for the 3-D heterogeneous medium. The best fit model is a
north dipping mixed-mode dislocation source lying at ~5 km depth. The driving mechanism is ascribable to
magma input into the source of the large 1982–1984 unrest (since similar source characteristics were inferred)
that generates initial inflation followed by additional shear slip accompanying the extension of crack tips.
The history and the current state of the system indicate that Campi Flegrei is able to erupt again, and the
advanced techniques adopted provide useful information for short-term forecasting.

1. Introduction

Campi Flegrei (CF) caldera is a volcanic district in southern Italy, nearby the city of Naples. Two main
eruptions, dated 35 ka and 15 ka ago, have been predominantly responsible for its formation [e.g., Rosi
et al., 1983] (Figure 1a). The area is characterized by one of the highest volcanic risk worldwide, due to the
density of inhabitants (1800/km2) and the persistent activity of the system. Spectacular ground level
variations are reported at CF across the centuries, up to tens of meters [Parascandola, 1947]. Recently, a
large unrest episode took place during 1982–1984, with up to 1.8m vertical uplift in the caldera center in
Pozzuoli. A slow deflation phase began in 1985, interrupted by minor uplift episodes of few centimeters,
seismic swarms and degassing episodes in 1989, 2000, and 2004–2006, recovering only about half of the
1982–1984 uplift. Since 2005, CF has been uplifting again, with a rate of 1 cm/yr until 2011. An increase of
the ground velocity took place in the following years, showing up to 9 cm/yr in 2012 in Pozzuoli, as
registered by the Neapolitan Volcanoes Continuous GPS (NeVoCGPS) network operating in the Neapolitan
volcanic districts [De Martino et al., 2014]. Moreover, the CF caldera hosts a large hydrothermal system that
daily discharges thousands of tons of volcanic gases at the Solfatara fumarolic field, 1 km from Pozzuoli
[e.g., Chiodini et al., 2012]. Episodic pulsed inflations of the caldera floor have led to gas injections into the
hydrothermal system, accompanied by seismic swarms shallower than 2–3 km depth. Since 2000, a
continuous increase of CO2 concentration has been measured in the emissions at Solfatara, due to the
increment of the relative amount of magmatic CO2 rich fluids in the shallow hydrothermal system
[Chiodini et al., 2012].

The bell-shaped pattern of the vertical deformation revealed by leveling data at CF during 1982–1984 has
been usually ascribed to an isotropic source at about 3 km depth (e.g., De Natale et al. [1991] for a review).
Three-dimensional mapping of surface deformation, from Electro-optical Distance Measuring records
during the 1980s to GPS and InSAR (Interferometric Synthetic Aperture Radar) data recently, has allowed
for the development of more detailed models. A combined action of a penny-shaped crack at ~3.6 km
depth in a layered medium and a very shallow source below the Solfatara crater was found to suit two
decades of deformation [Amoruso et al., 2014a]. Furthermore, the tomography by Chiarabba and Moretti
[2006] evidenced a complex local structure at CF, characterized by a relatively high Vp/Vs anomaly in the
caldera center at shallow depths, thus suggesting the presence of fluids. In addition, a sharp Vp/Vs
decrease between 2 and 4 km depth indicates the absence of magmatic fluids (i.e., magma reservoirs) and
the presence of rock volumes with overpressured gas. Active seismic experiments detected a melt layer
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~1 km thick at 7–8 km depth [Zollo et al., 2008]. In our earlier study [Trasatti et al., 2011], we constrained the
deformation source of the 1982–1984 unrest considering a source whose shape was not fixed a priori fed by
a deep sill laying at 7.5 km. We used Finite Element (FE) models in order to account for the 3-D structure of
the local crust, showing as source parameters were biased if a homogeneous medium was considered. The
main source was found to be a dislocation undergoing to inflation and shear slip, while the source could
not be physically interpreted and data fit got worse in the homogeneous medium. The 2011–2013
unrest is included in Samsonov et al. [2014], who modeled 20 years of InSAR deformations using an
extended source. They claimed that the CF dynamics is controlled by its stratigraphy (although the
structure is not accounted for). Finally, Amoruso et al. [2014b] showed that their two-source model cited
above is able to explain the recent unrest. Stemming from the GPS data inversion, they stated that a
pressurization of the sill is responsible for the 2011–2013 deformation, while the contribution from the
shallower Solfatara source is negligible. It is worth mentioning that thermal-driven processes within the
hydrothermal system has been proposed by Chiodini et al. [2015] to explain the activity at CF during
2005–2014, based on geochemical indicators.

In the present paper, we analyze two data sets of COSMO-SkyMed (CSK) synthetic aperture radar images in
order to map the deformation field occurred at CF during 2011–2013. The obtained geodetic signals,
together with GPS data, are inverted employing a 3-D heterogeneous model without fixing the source
characteristics a priori. We aim to investigate the present condition of CF by exploiting a model accounting
for the local elastic structure and using the most complete set of geodetic data available.

2. Geodetic Data

We have applied InSAR techniques to two data sets of CSK images acquired along ascending and
descending orbits. The descending data set has an incidence angle of 27° and is composed by 46 images,
from February 2011 to December 2013 (Figure S1 in the supporting information). The ascending data set
has an incidence angle of 50° and shows a much denser temporal sampling of 168 images, more than
one image per week, from January 2011 to September 2013 (Figure S2 in the supporting information).
We exploited the multibaseline technique of GAMMA Interferometric Point Target Analysis software
package [Werner et al., 2003], setting the thresholds for the maximum perpendicular and temporal
baselines according to the different temporal sampling of the descending (500m, 15–170 days) and
ascending (50m, 30–50 days) data sets. Moreover, data were smoothed by applying multilook factors in
order to obtain pixels of about 20m× 20m. The topographic InSAR phase component was removed with
the Shuttle Radar Topography Mission 90m digital elevation model. The interferograms showing strong
atmospheric disturbance, unwrapping problems, and large decorrelated areas were discarded, collecting
77 ascending and 33 descending interferograms (Tables S1 and S2 in the supporting information).

Figure 1 shows cumulative displacement maps from 31 May 2011 (first descending interferogram) to 5 May
2013 (ground velocity slows down after the first months of 2013, as shown in the time series). The reference
point was fixed in the stable area north of Quarto. The resulting deformation field is characterized by a
semicircular pattern centered in the Pozzuoli harbor (Figures 1a and 1b). In addition to InSAR, GPS data
from 14 stations of the NeVoCGPS network have been also employed [De Martino et al., 2014]. The
horizontal GPS vectors and the computed E-W InSAR data reveal a quite radial pattern centered in
Pozzuoli (Figure 1c). The computed vertical InSAR data measure 16 cm uplift in Pozzuoli and disclose a
slightly subsiding far field belt undetected by GPS (Figure 1d). The time series of RITE (in Pozzuoli) and
SOLO (in Solfatara) show a good agreement between the vertical GPS and InSAR data (Figures 1e and 1f),

Figure 1. Line of sight cumulative displacements in (a) ascending and (b) descending orbits from CSK between 31 May
2011 and 5May 2013. In Figure 1a, the outer/inner rims of the CF caldera are shownwith open/full triangles, while the black
lines are the 1980s leveling routes. In Figure 1b, the triangles are the GPS stations. (c) E-W and (d) vertical displacements
computed in the common pixels of Figures 1a and 1b. Horizontal and vertical GPS components are reported in Figures 1c
and 1d, respectively. UTM-WGS84 projection, zone 33 used in Figures 1a–1d. (e and f) Time series at the GPS stations
RITE and SOLO (vertical, black dots and E-W, grey dots) and corresponding InSAR data. The vertical dashed lines separate
our subdivision of the first and second phases of the unrest. (g) Vertical displacement patterns along the 1980s leveling
routes during past and present unrests, normalized to the maximum value observed during 2011–2013.
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with values up to 14–15 cm and 11 cm, respectively. Quantitative comparisons between InSAR and GPSmean
velocities are reported in Tables S3 and S4 in the supporting information. In general, the time series reveal a
change in the deformation rate in the middle of 2012, e.g., the vertical rate of RITE increases from 4 cm/yr
during May 2011 to May 2012 to 11 cm/yr during May 2012 to May 2013. Therefore, in addition to the
study of the biennium, we treat the first and the second year of the unrest separately in order to account
for the velocity increase during 2012. It is worth noting that the displacement time series reveal ongoing
ground motion by the end of 2013, even if with decreased rate.

An intriguing similarity between displacement patterns across 30 years of deformation at CF clearly appears
when comparing relative values (Figure 1g). In particular, leveling data from the large 1982–1984 unrest and
the computed vertical displacements of 2012–2013 and 2011–2013 are very similar in all the slots, except for
the section toward Nisida. Some differences are found in the shapes of the 2004–2006 mini-uplift and during
2011–2012. The section Pozzuoli-Quarto, from the caldera center to the north, shows constant relative
vertical displacements through time. Such similarities cannot be neglected and require further efforts to
build a reliable deformation source model at CF through the decades.

3. 2011–2013 Source Inference and Interpretation

As discussed in section 1, seismic studies at CF revealed a complex local structure that may play a role in the
source parameters retrieval. The collected geodetic data have beenmodeled bymeans of the FE technique in
order to account for the elastic heterogeneities. The InSAR ascending and descending data sets were
downsampled with a step of 220m, obtaining 5530 data points. The associated uncertainty is 5mm during
2012–2013 and 2011–2013, and 2mm during 2011–2012.

The FE model has been developed using the software MARC (www.mscsoftware.com/it/product/marc), while
the 3-D elastic structure of the medium was directly computed from the tomography by Chiarabba and
Moretti [2006] (see Trasatti et al. [2011] for details). The potential source is a cubic element (400m side)
representing a moment tensor Mij = Vσij where V is its volume and σij the stress tensor applied over its

Figure 2. PPD distributions of the source parameters during 2011–2013 (blue line), the first year (green line), and the second year (red line) of the unrest. HOM is
reported in black. The vertical dashed lines are the mean values. (a) Source depth, (b–d) moment tensor eigenvalues, (e–g) related angles (see text for details),
and (h) angles description.
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faces. A matrix of surface displacement solutions was built by applying single stress components to 1000
element sources separately [Trasatti et al., 2008]. The inversion technique consists in a direct search in the
parameters space followed by a Bayesian analysis providing the Posterior Probability Density (PPD)
functions [Sambridge, 1999a, 1999b]. The moment tensor is expressed in terms of principal moments Mi

(M1≥M2 ≥M3) and three angles (δ, ϕ, ψ) describing their eigenvectors m1, m2, m3: δ is the dip of m3 with
respect to the horizontal plane, ϕ is the strike of m3 (measured anticlockwise from east), and ψ yields its
self-rotation, i.e., the rotation of the eigenvectors m1 and m2 around m3 (Figure 2h). The method has two
main advantages: the source shape is not fixed a priori but it results from the inversion itself, and
heterogeneous forward models may be employed.

All the preliminary tests showed a similar horizontal source position, at 426.2±0.2 km east and 4518.8 ± 0.2 km
north (UTM-WGS84 projection, zone 33), slightly offshore Pozzuoli. These two parameters are kept constant in
order to limit trade-offs. We also looked for a correct balance between GPS and InSAR data sets in the misfit
function since they have different accuracy and number of data points. Results for the relative weights of the
two data sets are reported in Figure S3 in the supporting information.

Figure 2 shows the PPD functions obtained in the inversions, and Table 1 reports the mean values. All the
parameters are well constrained since the PPDs are sharply distributed around the mean model. The
increasing values of the major principal moment M1 mimics the increment of absolute displacements
during the first year, the second year, and the whole biennium. Secondary PPD peaks are found for the
strike angle ϕ, corresponding to the mean value ±180°, due to axial symmetry. The inversions provided a
source depth of 5.1 km (except the first phase, 5.5 km). The principal moments orientation is stable through
time, apart from the mentioned symmetry. No trade-offs are shown by the 2-D PPD functions (Figure S4 in

Table 1. Results of the Bayesian Inversion of the FE Model in the Different Phases

Phase Total Misfit Deptha (km) M1
a,b (1015 Nm) M2

a,b (1015 Nm) M3
a,b (1015 Nm) δa,c (deg) ϕa,c (deg) ψa,c (deg)

2011–2012 8.2 5.5 ± 0.2 18 ± 2 9 ± 2 7 ± 2 3 ± 3 160 ± 15 0 ± 5
2012–2013 3.5 5.1 ± 0.2 37 ± 3 5 ± 3 �6 ± 3 2 ± 2 39 ± 14 0 ± 5
2011–2013 4.5 5.1 ± 0.2 56 ± 3 16 ± 4 5 ± 3 2 ± 2 14 ± 14 0 ± 5
2011–2013 HOM 5.3 3.7 ± 0.2 19 ± 2 13 ± 2 7 ± 2 2 ± 3 46 ± 14 0 ± 15

aStandard deviations are estimated from the half width of the PPD distributions reported in Figure 2.
bPrincipal moments retrieved.
cAngles describing the orientation of the principal eigenvectors (see Figure 2h and text for details).

Figure 3. (a) Domain of principal moments ratios and moment tensor interpretation (ν = 0.28). The diamonds are the
mean model solutions. The 1982–1984 solution is from Trasatti et al. [2011]. (b) Sketch of the source within the FE
model (E-W section through the source center, view from south).
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the supporting information). As a comparison, we inverted data for the biennium in the homogeneous model
(HOM), obtaining a shallower source (3.7 km depth) and a worse fit than the heterogeneous model.

We interpret the moment tensor in terms of a physical source, following the approach outlined in Trasatti
et al. [2011]. The red area in Figure 3a represents the admissible values of principal moments ratios M2/M1

and M3/M1 compatible with pressurized ellipsoidal sources. Another set of physically plausible sources are
the mixed-mode dislocations accounting for opening and shear slip. Our best fitting models lay, within
errors, close to the mixed-mode dislocation line. Defining θ as the angle between the normal to the
dislocation plane and the slip vector, we find that during 2011–2012 the crack is purely inflating (θ ~ 0°), in
2012–2013 the shear component is relevant (θ ~ 72°), while the biennium presents an averaged solution.
This indicates that the two phases of the unrest share the same source position but a different source
mechanism: a pressurized crack undergoing to a shear dislocation whose intensity varies through time.
The 2011–2013 crack dips 29° to the north with the northern block overriding the southern (Figure 3b).
Both the depth and the source mechanism confirm the results obtained for the 1982–1984 unrest. As a
final remark, the moment tensor of the HOM model cannot be strictly associated with any pressurized
cavity or mixed-mode dislocation.

The 2011–2013 surface deformation pattern is fitted with residuals lower than 3 cm (Figure 4). The
nonaxisymmetric source helps to reproduce the nonperfectly radial horizontal deformation pattern. The
negative trend of the E-W InSAR residuals compensates with the negative trend of the GPS vertical
residuals. Similar results are obtained for the second year of unrest (Figure S5 in the supporting
information), while the first year of unrest generates larger misfits, due, at least, to short wavelength
features characterizing the InSAR data and low signal versus noise ratio (Figure S6 in the supporting
information). The comparison between data and HOM model shows larger residuals than the
heterogeneous case (Figure S7 in the supporting information).

Figure 4. Comparison between observed ((a) E-W and (d) vertical) and computed ((b) E-W and (e) vertical) CSK data during 2011–2013. (c) E-W and (f ) vertical
displacement residuals. Observed (black) and computed (red) GPS are reported in Figure 4c, horizontal and Figure 4f, vertical components. The cross is the source
center projection.
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4. Discussion and Conclusions

In 2011–2013, CF underwent a new unrest phase characterized by large deformation rates, reaching 11 cm/yr
during May 2012 to May 2013 in Pozzuoli. We analyzed InSAR data and, together with GPSmeasurements, we
constrained a general deformation source using a 3-D heterogeneous FE model. The obtained source is a
tensile dislocation with additional shear slip. In Trasatti et al. [2011], we demonstrated the need of a
magma supply from a deflating sill lying at 7.5 km depth (as imaged by Zollo et al. [2008]). We performed
several tests including the deflating sill, obtaining no significant differences from results for single source
models (Table S5 and Figures S8 and S9 in the supporting information). However, the input of new magma
during 2011–2013 cannot be ruled out since its action may have not produced a strong signature on
surface displacements, due to the smaller volume variations involved (~2 × 106m3 instead of ~60 106m3

of the 1982–1984 unrest).

We attempt to quantify the relative weight of inflation versus shear contributions, adopting a factor K, where
K=1 for pure inflation and K=0 for pure shear (Text S1 for details). Our achievement for the 2011–2013
unrest, K= 0.7, suggests that the dominant deformation mechanism is inflation. Macedonio et al. [2014]
showed that the dynamics of resurgent calderas may be primarily controlled by a subhorizontal intrusion of
a sill-shaped magma body which allows for efficient magma storage and considerable deformation, possibly
fed by a deeper magma reservoir. A relatively small shear movement of the crack walls superimposes to the
primary sill inflation and may imply that the intrusion took place through a prestressed solid medium (with
consequent new magma emplacement) or may add to a preexisting magma reservoir holding a relevant
shear strain in its proximity. At CF, the state of stress induced by large past unrests, i.e., during 1970–1972
and 1982–1984, has been only partially recovered in the following deflation phase between 1985 and 2004.
Our inferred depth and source mechanism evidence that the 2011–2013 and 1982–1984 unrests share the
same source characteristics (Figure 3a). In particular, standing on the purely inflating sill-like solution depicted
in Figure 3a for 2011–2012, an initial pressurization of the 1982–1984 crack is supposed, confirmed by K=0.9
and probably due to new magma emplacement from a deep reservoir, followed, during 2012–2013, by a
mixed mechanism of inflation and shear stress release on the crack tips (K=0.5). The volume variation
amounts to ~1 106m3 both in the first and second years, in spite of the doubled displacements registered
during the second year. This result confirms that at the beginning of the unrest the dominant mechanism is
volumetric, followed by a combination of volumetric and zero volume deformation (i.e., inflation and shear
slip). If the complete biennium is considered, the averaged solution is very close to the 1982–1984 source.

The source depth is 5.1 km, similar to Trasatti et al. [2011] but considerably diverging from 3.6 to 4.0 km
retrieved by recent studies [e.g., Amoruso et al., 2014a, 2014b; Samsonov et al., 2014]. The inferred depth
reconciles with previous findings if a homogeneous medium is used (Table 1). The deepening of sources
constrained in heterogeneous media was already verified [e.g., Trasatti et al., 2005; Manconi et al., 2007].
Furthermore, we accounted for the far field of InSAR data (until 9 km from Pozzuoli) in order to define its
characteristic wavelength, holding the source depth. If only near field data (e.g., within 4–5 km from
Pozzuoli) or isolated benchmarks (e.g., GPS) are considered, the overall deformation pattern is missed and
depth source estimations may be biased, even employing layered media. In Samsonov et al. [2014], the
InSAR ground velocity during 2007–2013 showed a far field belt of negative residuals, indicating that the
pure inflation hypothesis and/or the source depth may be mistaken.

Figure 3b depicts our source embedded in the 3-D elastic structure of the FE model. The crack lays below the
hydrothermal system, as suggested by seismic studies [Chiarabba and Moretti, 2006; De Siena et al., 2010] and
geochemical studies [e.g., Chiodini et al., 2012]. Variations of the physical conditions of the magmatic source
stimulate CO2-rich fluid to be injected into the shallow aquifer. Chiodini et al. [2012] estimated that each
injection event may involve an amount of fluid comparable to that emitted during small to medium
volcanic eruptions. As a final remark, our models show no particular residuals in proximity of the Solfatara
(Figure 4), similar to achievements for the 1982–1984 unrest [Trasatti et al., 2011]. If the 3-D structure is not
taken into account, an additional shallow source may be invoked [e.g., Amoruso et al., 2014a, 2014b].

To conclude, since surface deformation is a constraint for the source characteristics (location, geometry, and
volume variation), we remark that dense and large coverage data together with technically advancedmodels
represent cutting-edge features able to provide reliable information for improving short-term forecasting at
CF and other volcanoes of the world.
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