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Abstract Uplift and subsidence alternate throughout the life cycle of a volcano mirroring magma accu-
mulation, migration and/or gas pressurization, and magma cooling or depressurization, respectively. The
unusual occurrence of coeval inflation and deflation is difficult to reconcile with the recharging or cooling
of a single magma chamber, or hydrological processes. Here we show a persistent flank uplift and central
subsidence at Colli Albani volcano near Rome (Italy), by mapping about 20 years of deformation by InSAR
data. The magmatic helium signature increases in correspondence with N-S faults along the western slope
of Colli Albani, which are therefore interpreted as deep-seated structures directly or indirectly connected
with an underlying magma reservoir. Deformation modeling shows that these faults are pathways for fresh
magma intrusion, whereas a residual magma is cooling below the deflating caldera. Therefore, magma
recharge at depth is controlled by major faults along which the vents of the most recent activity (<200 ka
ago) concentrate in the western side of the volcano and not by the caldera structures. We demonstrate that
the Colli Albani magmatic system is slowly rejuvenating, posing a volcanic threat for Rome.

1. Introduction

The uplift of volcanoes, accompanied by seismicity and changes in the gas composition, can be generally
interpreted as the result of (a) magma accumulation or migration and/or (b) gas pressurization within the
hydrothermal systems (Lowenstern et al., 2006; Sparks et al., 2012). These two processes may be signs of a
rejuvenating magmatic system and serve as precursors for volcanic eruptions. Conversely, subsidence
reflects magma cooling and/or depressurization due to degassing (Kwoun et al., 2006), if crustal extension is
ruled out (Newhall & Dzurisin, 1988). As a result, the identification of the source of uplift or subsidence is of
primary importance for an evaluation of the volcano dynamics and to forecast future eruptions. This is par-
ticularly true for volcanoes characterized by calderas with a plugged conduit, which erupt infrequently, may
be generally restless over centuries, with seismicity, degassing and alternating uplift and subsidence phases
suggesting repeated intrusions at depth (Acocella et al., 2015). These intrusive episodes generally occur
below the crater or caldera (Biggs et al., 2014; Henderson & Pritchard, 2013; Pritchard & Simons, 2002).
Examples include the Campi Flegrei caldera, Italy (Trasatti et al., 2015), Yellowstone, USA (Chang et al.,
2010), and Santorini, Greece (Foumelis et al., 2013). However, deformation data from eruptions and periods
of unrest of volcanoes in extensional and convergent tectonic settings, e.g., Unzen, Japan (Kohno et al.,
2008), B�arðarbunga, Iceland, (Sigmundsson et al., 2015), and Taupo, New Zealand, (Hamling et al., 2016), as
well as the results of experimental and numerical models of magma ascent (Galland, 2012; Le Corvec et al.,
2013; Maccaferri et al., 2011), also show the occurrence of magma migration along subhorizontal to inclined
conduits. Such migration may be controlled by preexisting, tectonic faults, by caldera ring faults (Acocella,
2007), or by viscosity contrasts within the magma reservoir (Galetto et al., 2017). Therefore, the understand-
ing of the geometry and dynamics of the caldera plumbing systems has important implications for the
interpretation of monitoring signals and hazard evaluation.

Colli Albani (CA) caldera, Italy, is located a few kilometers southeast of Rome (Figure 1) in an area character-
ized by a complex stress-field with alternating extensional and transpressive phases (Marra et al., 2009)
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(Figure 2). Its volcanic activity started nearly 600 ka ago and ended 36 ka ago (Freda et al., 2006; Gaeta
et al., 2011; Giordano et al., 2006; Marra et al., 2016, 2009, 2004). At present, CA is considered in a quiescent
phase (Funiciello & Giordano, 2010; Marra et al., 2016), however, the area is affected by deep—mantle ori-
gin—CO2 degassing, which causes widespread gas (CO2 and H2S) emissions (Beaubien et al., 2003; Chiodini
& Frondini, 2001). In 1989–1990, a seismic swarm took place with more than 3,000 events with
1.5�Md� 4.0, accompanied by the release of CO2-rich fluids (Chiodini et al., 2012). The hypocenters
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Figure 1. (a) Structural map of CA volcanic district showing the main tectonic faults and lineaments (Frepoli et al., 2010;
Marra, 2001) and location of the hydromagmatic centers, principal scoria cones, and lava flows. The temporal range of
activity of the vents is assessed based on the 40Ar/39Ar age constraints from literature (Marra et al., 2016). The CMT solu-
tions of Md> 3.6 earthquakes are reported (Amato et al., 1994; Feuillet et al., 2004): event A (23 April 1989, Md 3.7), event
B (19 October 1989, Md 3.9), event C (23 October 1989, Md 4.0), event D (15 November 1989, Md 3.8), event E (22 January
1990, Md 3.9). SMdM is Santa Maria delle Mole fault zone, AA is Acque Albule fault zone, MdF is Monte delle Faete, T-A is
Tuscolano-Artemisio. Map projected into coordinates using the UTM-WGS84 projection, zone 33. (b) Eruptive history of
the CA volcanic district. The vertical bars represent the eruptive cycles in the 608–36 ka time interval. A quite regular tem-
poral recurrence for the 11 eruptive periods during the whole CA history has been assessed to 44.6 6 1.5 ka, along with a
weighted average dormancy of 38.8 6 1.5 ka (Gaeta et al., 2016). These values are remarkably similar to the time elapsed
since the beginning (41 ka) and the end (36 ka) of the last eruption cycle which occurred at the Albano crater.
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indicate a NW-SE striking seismic belt 6 km 3 12 km (white ellipse in
Figure 1). The focal solutions of five Md> 3.6 earthquakes do not
show a univocal rupture mechanism being related to the upraising of
hydrothermal fluids (e.g., Feuillet et al., 2004, and references included).
Leveling data acquired in 1951, 1994, and 1997 indicate about 30 cm
uplift close to the town of Albano, suggesting magma accumulation
at a rate of 1–3 3 106 m3/yr (Amato & Chiarabba, 1995; Feuillet et al.,
2004; Riguzzi et al., 2012), based on the modeling of a spherical point-
source. More recent InSAR (Interferometric Synthetic Aperture Radar)
data show uplift affecting the western flank of the volcano, where the
most recent eruptive activity occurred (Marra et al., 2016; Riguzzi
et al., 2012; Salvi et al., 2004). In particular, during 1993–2000, InSAR
data show a maximum rate of 2.6 mm/yr along the satellite LOS (line
of sight) in the lakes area (Salvi et al., 2004). Same order of magnitudes
was obtained in measurements by leveling surveys in 1997/1999–
2006 and GPS benchmarks since 2006 (Riguzzi et al., 2012). In order to
reproduce the uplift on the western flank of the CA volcano, models
with pressurized isotropic sources lying at variable depth between 4
and 7 km were suggested (Riguzzi et al., 2012, 2009; Salvi et al., 2004).
The magma accumulation rate constrained is 3–6 3 105 m3/yr.

Here we investigate the deformation processes and magma-derived
gas released in the CA volcano region. We examine the isotopic com-
position of helium (3He/4He) and carbon dioxide (d13CCO2 ) in seven
surface gas manifestations (mofettes and gas-rich springs) along two
profiles running from the CA caldera to the Tyrrhenian Sea coast,
focusing on their spatial distribution. We systematically analyze 20
years of InSAR data (1992–2010), showing that CA has been subjected
to a puzzling deformation field, consisting of long-term, constant rate,
asymmetric uplift of its western and southern flanks, and by coeval
intracaldera subsidence. The complex pattern retrieved cannot be
explained by simple source models (e.g., sphere, sill, dike) or by non-
volcanic sources, e.g., water accumulation in the hydrological cycle,

the latter because a widespread and significant drawdown of water balance have been detected below the
whole CA area between 1979 and 2001 with a 50% decrease of river discharge and a drawdown of ground-
water level in wells up to 100 m (Capelli & Mazza, 2005). Therefore, the complex deformation pattern of CA
cannot be due to hydrological processes, but suggests endogenous off-caldera deformation sources. We
find that although the CA caldera is deflating, areas near preexisting tectonic faults are in a phase of unrest,
with direct consequences for the volcanic hazard assessment at Rome.

2. Geological-Structural Setting

The area of Rome is located between the Tyrrhenian Sea and the northern Apennines (Figure 2). Through-
out Pliocene-Early Pleistocene time, this area was a shallow marine basin associated with the opening of
the Thyrrenian Sea. The Tyrrhenian Sea in Tortonian time was the consequence of the retreat of westward
dipping slab and the consequent NE migration of the fold and thrust belt of the Apennines (Malinverno &
Ryan, 1986; Patacca & Scandone, 1989). Rome is located at the southern boundary of northern Apennines,
in correspondence of a major N-S crustal discontinuity acting as disengagement zone with respect to the
central Apennines (Faccenna et al., 1996; Marra, 1999), which has been related to an ancient paleogeo-
graphic lineament (Ancona-Anzio line, Parotto & Praturlon, 1975). Continuous NE migration of the postoro-
genic extensional domain caused the shift of the collapsing sector toward the mountain range,
accompanied by parallel shifting of the volcano-tectonic processes related to uprising of magma through
the crust, leading to an early, Pliocene acid volcanism (Barberi et al., 1994; Serri et al., 1993), and culminating
in the Middle Pleistocene high-potassic volcanism of the Roman Comagmatic Province, RCP (Conticelli &
Peccerillo, 1992; Peccerillo & Frezzotti, 2015).
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Figure 2. Structural scheme of central Italy (modified from Faccenna et al.,
1996), showing the superposition of two competitive stress regimes acting in
the area of Rome (Faccenna et al., 1994; Frepoli et al., 2010; Marra, 2001). RCP is
the Roman Comagmatic Province.
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The CA volcanic district (Figure 1) is part of this volcanic region and consists of a major volcanic edifice (Tus-
colano-Artemisio) with a horseshoe-shaped caldera, an intracaldera central edifice (Monte delle Faete), and
minor intracaldera and circum-caldera scoria cones and maars. Its eruptive activity, unlike the other districts of
this region, was characterized by well-clustered cycles, regularly spaced in time. The average recurrence is 45
ka, and with a shorter interval of �30 ka during the last 100 ka, independently from the eruptive style and
energy (Marra et al., 2016). This eruptive style has been related with the peculiar stress-field of this region,
characterized by the repeated superposition of two tectonic regimes started by incompatible r1-r3 orienta-
tions: a horizontal NE-SW r3 linked with the extensional regime occurring on a wider regional scale along the
Tyrrhenian Sea margin of Italy since Pliocene times, and a NE-SW striking r1, giving rise to a local transpressive
regime (Marra, 1999, 2001). It has been suggested (Marra et al., 2009) that the long quiescences occurring at
CA, separating large explosive eruptions of basic products, related with strong CO2 assimilation (Freda et al.,
2011), is due to the predominance of the transpressive regime, sealing the main NW-SE striking faults and hin-
dering magma upwelling and, at the same time, favoring abundant CO2 assimilation during the long resi-
dence time within the magmatic chamber. It has also been hypothesized that the cycles of recharge of the
magmatic chambers of the volcanic districts are tectonically triggered by the subduction-related extensional
process acting in this region (Serri et al., 1993). Whenever a new batch of magma rises from the lower crust
and emplaces below the CA area, a vertical r1 and a NW-SE striking r3, consistent with the regional exten-
sional regime, supersedes the local transpressive regime, leading to the initiation of a new eruptive cycle (Fre-
poli et al., 2010; Marra et al., 2009). Detailed structural-geologic investigation in the area of Rome have shown
widespread occurrence of transcurrent faulting affecting terrains as young as 25 ka (Faccenna et al., 1994,
2008; Marra, 1999, 2001) as well as tectonic deformation affecting a II century Roman aqueduct system (Flo-
rindo et al., 2004; Marra et al., 2004), kinematically linked with a NE-striking r1. In contrast, geophysical indica-
tors (i.e., earthquakes; borehole breakouts) show a present-day stress-field characterized by a NE-striking T
axis (Amato et al., 1994; Basili et al., 1996; Frepoli et al., 2010; Montone et al., 1995), consistent with a NE-SW
extensional regime, and suggesting that a stress-field switch occurred in historical times.

A seismic swarm affecting the CA area in the years 1989–1990 has been related to a local uplift of ca. 30 cm
occurred since the 1950s, as constrained by geodetic data of a transect located between Rome and the CA
caldera (Amato & Chiarabba, 1995), giving rise to a debate about its possible interpretation as an indicator
of volcanic unrest (Riguzzi et al., 2012; Salvi et al., 2004). Based on teleseismic tomography by Cimini et al.
(1994), evidencing a low-velocity zone between 5 and 16 km of depth centered below the craters of Ariccia
and Nemi (Figure 1), and local tomography by Chiarabba et al. (1994), Amato and Chiarabba (1995) hypoth-
esized the presence of a hot crustal body, possibly a magma chamber, responsible for the observed
decrease (5%) of seismic velocity. More recently, the regional uplift during the last 200 ka (Karner et al.,
2001) has been compared to InSAR data showing an actively uplifting sector, corresponding to the volcanic
area where the most recent eruptive activity occurred, as constrained by newly achieved 40Ar/39Ar data
(Marra et al., 2016). This study has also shown that this volcanotectonically active area is confined within
two parallel, N-S crustal discontinuities (Figure 1) that morphostructural investigations in the greater area of
Rome have identified as the evidence of the peculiar tectonic regime that controlled the volcanic activity of
the CA district (Marra, 2001). A series of equally spaced N-S fault zones in this area are interpreted as part
of an overlapping system of transcurrent fault segments developed at the southern end of the major Sabina
strike-slip fault (Figure 2, Alfonsi et al., 1991; Faccenna et al., 1994). These subvertical, N-S fault segments
acted as planes of simple shear generating conjugated systems of N1108E–1208E and N608E–708E striking
faults (Marra, 1999), which characteristically control the direction of the streambeds in the sectors between
the N-S zones (Marra, 2001). At present time, these early transpressive faults are reactivated with right-
lateral movements under the NE-SW extensional regime, as evidenced by moderate seismic activity
recorded on one of these N-S fault segments near Rome (Santa Maria delle Mole fault zone, SMdM). There-
fore, a switch from a transpressive regime to the present-day extensional regime is occurring at CA (Frepoli
et al., 2010). The identification of these faults is of primary importance because these structures may control
the location of gas vents (Lee et al., 2016) and/or future magma ascent pathways, increase the risk of gravi-
tational instability of the volcano flanks, or inhibit magmatic processes by relieving stress, as observed in
other volcanoes (National Academies of Sciences & Medicine, 2017).

CO2 discharges occur at CA and concentrated on the south-western flank of the volcano, in an area extend-
ing from Lake Albano to the Tyrrhenian Sea coast down to the Fiumicino area, at the Rome International
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Airport (Chiodini et al., 2012; Chiodini & Frondini, 2001; Ciotoli et al., 2016). The provenance and implications
of these CO2 emissions are debated and attributed to a mixing between (a) a degassing magma chamber
or a mantle source, and (b) a crustal source attributed to thermal metamorphism (decarbonation reactions)
of the basement limestones (Carapezza & Tarchini, 2007). Together with the CO2 isotopic composition,
helium isotopic ratios are a common geochemical tracer for mantle-derived fluids (Craig & Lupton, 1976).
Past data of CO2 and He isotopic values in the CA region are not systematic and not repeated for most of
the emissions, so that they cannot provide reliable information on possible temporal variations. The wider
data sets available are only at Cava dei Selci and Solforata (Carapezza et al., 2012) and show trendless, mini-
mal oscillations in the isotopic composition (d13C from �1 to 23.5& and RC/RA from 0.91 to 0.95 at Solfor-
ata; d13C from 0.8 to 1.4& and RC/RA from 1.38 to 1.54 at Cava dei Selci). It is known, however, that isotopic
changes of He and SO2 may not occur during magma plumbing (Darrah et al., 2013; Kagoshima et al., 2016).

3. Spatial Variations of the Isotopic Composition of Magmatic Gases

3.1. Methods of Gas Sampling and Analysis
Gas samples were obtained from seven surface manifestations as gas vents (i.e., mofettes, bubbling pools,
or gas-rich springs) along two transects from the Tyrrhenian Sea coast (Figure 3 and Table 1) to the volcano.
Gas samples from vents were collected in 2015 through an inverted funnel and stored in 150–300 mL glass
tubes equipped with two vacuum stop-cocks (Darrah et al., 2013; Tedesco et al., 2010). Water samples from
a spring (Acqua Acetosa) were collected in 150 mL borosilicate glass bottles sealed with butyl septa. The
CO2 concentrations (together with other major gases not discussed in this work) were measured using a
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Dycor quadrupole MS and a SRI GC following previous reported methods (Darrah et al., 2013; Hunt et al.,
2012). All samples were analyzed in triplicate. Standard analytical errors were less than 63.67% for major
gas concentrations above the detection limit. The isotopic analyses of He were performed using a Thermo
Fisher Helix SFT MS at the Ohio State University Noble Gas Laboratory. The average external precision based
on ‘‘known-unknown’’ standards was less than 61.54%. Noble gas isotopic standard errors were approxi-
mately 60.0091 times the ratio of air (or 1.26 3 1028) for 3He/4He<60.542%. The helium isotopic ratios
are expressed as RC/RA, where RC is the 3He/4He of a sample corrected for air contamination using the mea-
sured abundance of atmospheric neon, compared to the ratio of those isotopes in air, RA amounting to 1.39
3 1026 (Craig et al., 1978).

3.2. Results From the Gas Isotopes Composition Analysis
The RC/RA values increase from 0.162 RA at Fiumicino (Tyrrhenian Sea coast) to 1.052 RA at the volcano cal-
dera (Acqua Acetosa), with localized peaks of 1.390 RA and 1.327 RA (Frattocchie and Cava dei Selci vents),
in correspondence with the N-S trending faults along the western flank of the CA volcano (Figure 3). The
plot of d13CCO2 versus 3He/4He (Figure 3b) depicts a subvertical trend similar to the limestone—RCP magma
mixing line. We note that samples from Frattocchie and Cava dei Selci have the most mantle-rich end-mem-
bers observed in the current study, while none of the samples displays evidence of a noncarbonate sedi-
mentary component in the gas source. The measured 3He/4He values observed within the CA area are
consistent with the range of data reported throughout the last 30 years (Carapezza et al., 2012; Hooker
et al., 1985). Although the observed RC/RA values at CA are lower than many volcanic areas worldwide (Ken-
nedy & van Soest, 2007), they are consistent with those documented in other volcanic and nonvolcanic
areas in Italy (Tedesco, 1997). These relatively low RC/RA values are thought to be sourced from mantle-
derived fluids that have been contaminated with variable crustal contributions from HIMU (high 238U/204Pb)
ocean island basalts and enriched EMII-like (radiogenic) mantle related to the subduction of the Ionian/Adri-
atic plate below the Apennine chain (Martelli et al., 2004; Tedesco, 1997). In the olivine-pyroxene fluid inclu-
sions from the RCP, this crustal contamination resulted in helium isotope ratios up to 1.7 RA (Martelli et al.,
2004). Assuming this value as representative of the Roman Province mantle end-member, and based on the
model by Sano and Marty (1995), our data indicate that gas discharging along the N-S faults (Frattocchie
and Cava dei Selci) contains approximately 82% mantle-derived component, while gas emanation from the
CA caldera represent about 60%. Therefore, the N-S faults are key tectonic features for the transfer of fluids
with magmatic signatures to the surface since they may act as preferential pathways for the ascent of
magma-derived gas or magmas. This possible control of the faults on the degassing pathway has been also
observed in other volcanoes, e.g., at Mt. Etna (Del Negro et al., 2013) and Campi Flegrei (Chiodini & Frondini,
2001), and, at a broader scale, along continental rifts (Lee et al., 2016).

The negative correlation between decreasing CO2/3He and increasing 3He/4He moving eastward from the
Tyrrhenian Sea and toward the CA caldera indicates a significant spatial increase in the magmatic contribu-
tions moving from west to east (Figures 3c and 3d). Indeed, from the Tyrrhenian Sea coast (Fiumicino) to
the N-S striking SMdM fault site (Frattocchie), CO2/3He decreases of an order of magnitude over a distance
of �35 km (blue dots, Figure 3c), corresponding to a similar magnitude increase of 3He/4He from 0.162 RA

Table 1
CO2 and Helium Data From Surface Gas Manifestations From the Tyrrhenian Sea Coast (Fiumicino) to the Colli Albani
Volcano Caldera (Acqua Acetosa)

Area ID CO2 (vol, %) (He/Ne)air RC/RA
a d13CCO2 (& VPDB) CO2/3He

Fiumicino FIU 78.1 230.5 0.162 1.17 1.12E112
Tor Caldara TRC 82.0 423.1 0.180 1.40 3.62E111
Ardea ARD 66.1 439.9 0.224 1.13 2.80E111
Solforata SOLF 83.7 1406.3 1.072 1.14 4.83E110
Cava dei Selci CDS 81.9 262.3 1.327 1.24 9.06E110
Frattocchie FRA 98.3 300.5 1.390 0.78 1.24E111
Acqua Acetosa

(volcano caldera)
AAC 1.6 4.0 1.052 20.62 1.99E109

aHelium isotopic ratio 3He/4He expressed in terms of RC/RA, where RC is the ratio of 3He/4He in our samples corrected
for atmospheric (air-saturated water) contributions, compared to the 3He/4He in the atmosphere, RA.
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to 1.390 RA (red dots). It is known, however, that helium isotopic values can vary over considerably short dis-
tances near local deformation features, lithological changes, or variations in groundwater circulation (Boles
et al., 2015; Darrah et al., 2015). The marked changes observed for 3He/4He and CO2/3He do not correspond
to any obvious changes in d13CCO2 across the study area (Figure 3b). This reflects the nearly ubiquitous con-
tribution of crustal carbonates to the isotopic composition of CO2 emanations across the studied region, on
which a focused magmatic input is superimposed. Our conclusion is supported by independent petrological
data, which show that the CA basaltic magmas assimilate carbonates located in the upper crust (Iacono-
Marziano et al., 2007).

We have verified that postgenetic isotopic fractionation did not play a significant role. All the collected sam-
ples display significantly high ratios of gas to water (e.g., vapor). The d13CCO2 measured in our samples is
slightly positive, and is consistent with the addition of CO2 from thermal degradation of carbonate base-
ment, thus suggesting that mixing between mantle-derived gases and crustal carbonates are the only rea-
sonable interpretation for the observed data. In this scenario, a gas phase composed mostly of CO2 (90% or
more) will unlikely be fractionated. Similarly, helium isotopes rarely show high fractionation and values of
fluid inclusions in phenocrysts are similar to those from gas vents, e.g., 1.7 RC/RA (Martelli et al., 2004).

4. InSAR Data

4.1. InSAR Analysis
The surface deformation history of the CA area is mapped using nearly 20 years of InSAR analysis performed
with two data sets of SAR images acquired along ascending and descending orbits. The SAR data used in
this work consists of 36 ERS 1–2 (1992–2001) plus 39 Envisat images (2002–2010) acquired along an ascend-
ing orbit and 74 ERS 1–2 plus 45 Envisat images along a descending orbit. Both missions are from the Euro-
pean Space Agency (ESA). Although the SAR images were acquired by different platforms, the collected
data were linked and jointly processed to obtain a continuous time deformation history of CA. Indeed, ERS
1–2 and Envisat satellites show similar acquisition parameters such as the incidence angle (�238) and the
wavelength (�5.6 cm). A hybrid PS-SBAS (Persistent Scatters—Small BAseline Subset) approach imple-
mented within the IPTA GAMMA software (Werner et al., 2003) was used to perform InSAR analysis. First,
the data were multilooked by factors 4 and 20 to reduce the speckle-noise contribution and obtain a pixel
size of about 80 m 3 80 m. The analysis consists of selecting the most reliable points in the SAR images,
based on their backscattering properties, in order to estimate the interferograms according to the SBAS
approach (Berardino et al., 2002). The topographic contribution was removed by the 90 m Digital Elevation
Model (DEM) provided by the SRTM mission. Goldstein filtering (Goldstein & Werner, 1998) was also applied
in order to prevent errors due to several factors (atmospheric conditions, unwrapping errors, etc.) and to
reduce the speckle-noise contribution frequently present in SAR images. Following a multibaseline/multi-
temporal approach, the thresholds of the perpendicular and temporal baselines for estimating the interfero-
grams were set to �450 m and �1,000 days for the ascending and �300 m and �600 days for the
descending orbit data (supporting information Figure S1). The procedure returns an interferogram network
composed of 350 interferograms for the ascending data set and 390 interferograms for the descending
one. Some of these were discarded due to critical unwrapping issues or large atmospheric contributions.
Then, the most stable points along the SAR images were selected, specifically those point scatterers with a
coherence value higher than the threshold set to 0.5. Finally, the atmospheric contribution in the resulting
interferograms was reduced by a spatial and temporal filtering and the deformation rate and time series
have been retrieved by a Singular Value Decomposition (SVD).

4.2. Results From InSAR Data Processing
The dynamics of the CA area are provided in terms of a time series of surface deformation rates to assess
the mean behavior with time and any possible variation. InSAR results show that at the CA volcanic district,
deformation pertains to an area larger than the caldera rim (Figure 4), reaching the coast and the city of
Rome. The two data sets are transformed into vertical deformation rates in order to visualize areas of uplift/
deflation (e.g., Rosi et al., 2014). A significant and continuous uplift with a deformation rate of 2–3 mm/yr
affects the western and southern flanks of CA. The uplift area extends up to the Tyrrhenian Sea coast and
reaches the Rome metropolitan area with local values below 2 mm/yr. The maximum cumulative vertical
displacement is about 50 mm between 1992 and 2010 in the area surrounding the town of Albano. The
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inner CA caldera is affected by a subsidence with values up to 22 mm/yr. Even if not particularly intense,
this subsidence is significant (beyond the error associated, see Casu et al., 2006) and constant throughout
time. Indeed, the time series of two selected pixels shows that the uplift and subsidence described above
are constant through at least 19 years of SAR observations (Figures 4d and 4e). The uplift of the CA volcanic
area concentrates mainly where the most recent eruptive activity occurred (<200 ka). The area of maximum
uplift has a N-S elongated shape and overlaps the SMdM fault. This active area is confined to the east by
two parallel, N-S of equally spaced, strike-slip subvertical N-S fault zones, which generated conjugated sys-
tems of N1108E–1208E and N608E–708E striking faults (Marra et al., 2009). South of Velletri town, the less
intense uplift affecting the CA southern flank is roughly NW-SE elongated. The boundary between the uplift-
ing and subsiding CA sectors are the Acque Albule (AA) fault east of Lake Albano and the NW-SE striking
fault south of the caldera rim between the towns of Velletri and Albano. Previous geodetic analysis of
smaller temporal windows indicated N-S oriented patterns of uplift affecting the western flank of the CA
volcanic edifice, across the lakes (Riguzzi et al., 2012; Salvi et al., 2004). However, these studies do not iden-
tify the subsiding area within the CA caldera nor inflation of the southern flank. Comparisons are reported
in the supporting information.

5. Source Model of Colli Albani

The N-S elongation of the main deformation pattern has formerly been interpreted as resulting from two
N-S aligned, spherical point-sources separated by a distance of 7 km and lying at depths of 5–7 km (Salvi
et al., 2004), and later by a single spherical point-source located 4 km S-SW of the town of Albano at a depth
of about 4 km (Riguzzi et al., 2012, 2009). Since these works concentrate on the most intense uplift area of
the western side of CA, this reflects in a systematic overestimation of deformations within the CA caldera
and underestimation in the southern side nearby Velletri. By implementing the most common analytical
source models for pressurized shapes (e.g., sphere, sill, spheroid) embedded in a uniform elastic crust, it
turns out that the fit is unsatisfactory since the residuals are comparable with the observed deformation
pattern (supporting information Figure S4). These models also fail to predict the sharp reduction of the dis-
placements east of Lake Albano (AA fault zone) and within the CA caldera, and the enhanced deformation
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Figure 4. InSAR results from ERS/ENVISAT missions. (a) Ascending and (b) descending orbit data of the mean velocity dur-
ing 1992–2010. The arrows indicate the LOS. (c) Computed vertical mean velocity. The main faults are reported with long
dashed lines, while the Tuscolano-Artemisio rim is indicated with short dashed line. (d and e) Time series of selected pix-
els p1 and p2, respectively (ascending orbit, light gray; descending orbit, dark gray; vertical component, red).
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south of Albano. This occurs because the CA deformation field is more complex than that expected to
derive from a single source model.

5.1. Digest of Geophysical and Geochemical Constraints
The picture emerging from the location of the gas emissions with the highest mantle signature, together
with the deformation field shown above, and the CA volcanotectonic setting previously described, lead us
to design a specific geophysical model for the CA. Gas geochemistry results indicate that, although gas
vents are concentrated on faults, which represent permeable pathways of focused degassing, the two N-S
faults at the western edge of the CA edifice are deep-seated structures directly or indirectly connected with
an underlying magma reservoir. We consider as potential sources the main CA faults, which may be related
to magma/fluid migration or accumulation processes at depth. These sources correspond to the uplift areas
of the N-S striking fault segments crossing the CA crater lakes and the NW-SE trending fault on the southern
flank, where fluids with a marked magmatic signature are also discharged (Frepoli et al., 2010; Marra, 2001).
By considering these structures as preferential pathways, we developed numerical forward models to obtain
information on magma accumulation/migration. One source is vertical, N-S oriented, located 1 km West of
Albano (source A), and overlaps the SMdM fault. The other structure is striking NW-SE with a dip of 608, has
the trace of the NW-SE fault located in the southern flank of the volcano, and extends through the town of
Velletri (source B). Both sources are enclosed in the CA sector hosting the most recent (<200 ka ago) erup-
tive vents (Figure 1). Since the deformation field is characterized by coeval widespread uplift and caldera
subsidence, we also consider the potential action of a deep deflating third source (source C).

5.2. Modeling Approach
We followed a hybrid approach consisting of analytical and numerical forward models, in order to follow
the above insights. In particular, two numerical models represent each of the two thick intrusions (sources
A and B), that are let free to inflate with a unitary overpressure. The computed surface deformations are
used as forward models in the inversion to find the optimal value of the overpressures. A third forward
model is the deflation of an isotropic point-source (source C). Since its position and depth are not fixed a
priori, this source is represented with an analytical expression and its surface deformation adds to those of
the thick intrusions in the nonlinear inversion.

The numerical models are developed using the Finite Element Method (FEM) with the commercial code
MSC-Marc (http://www.mscsoftware.com/it/product/marc). The 3-D models were made up of about 250,000
eight-node brick elements with a spatial resolution of 300–400 m in correspondence of the CA region. The
medium is homogeneous with rigidity 4 GPa and Poisson coefficient 0.25, in the range of typical values
employed in extensional volcanic areas (e.g., Trasatti et al., 2011). The models simulate uniform overpressure
through two regional structures, sources A and B (Figures 5 and 6). Source A is vertical and N-S oriented,
while source B has a strike 5 1308 and a dip 5 608 (Frepoli et al., 2010; Marra, 2001). Both sources extend
from 3.6 km to 8.4 km b.s.l. In order to resemble the spatial extension of the two areas of maximum LOS,
the length was set up as 10 km for source A and 7.5 km for source B, while their thicknesses were chosen as
400 m and 300 m, respectively. We fixed these parameters in order to reduce the number of unknowns,
and to guarantee a linear relationship in the inversion of the numerical forward models. We are aware that
slight changes in the above described geometric source parameters may reasonably occur, as they were
not optimized on real data. In this view, the positions of sources A and B have been varied in order to
reduce the misfit with data. Some modeling attempts with variation of positions of source A and B, and
length of source B, are reported in supporting information Table S2. In the final configuration, source A is
shifted 1 km east respect to the SMdM fault, and there is a perfect agreement between the traces of source
B and the NW-SE fault as depicted in Figures 1 and 5. Finally, the deflating source C is represented analyti-
cally by an isotropic point-source (Mogi, 1958), due to the nonlinear relationship of its parameters (position
and depth) with the deformation field.

The three-dimensional surface deformation generated by the three forward models were converted into
ascending/descending LOS vectors and compared with the two InSAR data sets during the inversion pro-
cess. The data inversions presented in this work were performed through a two steps global optimization
algorithm known as the Bayesian Neighbourhood Algorithm, NAB (Sambridge, 1999a, 1999b). In the first
step, the inversion code sampled the parameters’ space, and in the second step it performed a Bayesian
inference on the generated ensemble in order to retrieve the Posterior Probability Density (PPD) functions.
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A constant value of 1 MPa overpressure was applied to the boundary of the thick sources A and B, except
to their bottom. The computed displacement at each data point and for each source was stored in a matrix.
The surface displacement to be compared with the observed data was the sum of the contributions by
sources A, B, and C. The data error is set to 5 mm, based on previous studies of multibaseline InSAR per-
formances (Casu et al., 2006). The nonlinear inversion retrieved the scaling factors of the potency of sources
A and B, along with the position and volume variation of source C. A total of 31,000 models were generated
during the parameters’ search, while the six-dimensional computed model ensemble was sampled 4,000
times during the Bayesian appraisal phase. The results are listed in Table 2, while parameters’ statistics are

Figure 5. Comparisons between (a–c, first row) observed data and (d–f, second row) predictions related to 20 years ERS/
ENVISAT data of the CA. (g–i, third row) The residuals are observed minus modeled data. ERS/ENVISAT cumulative dis-
placements ascending orbit, first column; ERS/ENVISAT cumulative displacements descending orbit (second column);
computed vertical cumulative displacement (third column). The vertical component was not inverted. The three sources
adopted are shown in purple: sources A and B inflate, source C deflates. The main structures are reported with long
dashed lines, while the Tuscolano-Artemisio rim is indicated with short dashed line. In Figures 5a and 5b, the arrows indi-
cate the LOS. (j–l) A-A0 profile with experimental data (triangles with associated uncertainty) and modeling results (contin-
uous line). (j) Ascending data, light gray; (k) descending data, dark gray; (l) vertical data. The vertical dashed bands
indicate the main faults and the purple lines are the sources positions, while the topography along the profile is reported
at the bottom of each panel.
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available in the supporting information. The parameters’ uncertainty was estimated from the half-width of
the bell-like shape of each PPD. The confidence level associated to this uncertainty is 90%. The 1-D and 2-D
PPD functions show no multiple peaks and limited trade-offs between source C volume variation versus
depth and potency of sources A and B (supporting information Figures S5 and S6). The depth of the source
C is the worst determined parameter. The sources A, B, and C, on average, led to a misfit reduction (chi-
square function) from 12.7 (null test) to 1.7. The volume variation of sources A and B reported in Table 2
was computed by numerical integration of their boundaries (Trasatti et al., 2011).

6. Discussion

The large uplift area on the western side of the CA district includes part of the N-S striking faults and shows
a continuous inflation through at least 20 years of InSAR observations. The results of the models indicate
that sources A and B contribute to the main uplifting areas, while source C plays a role in reducing the dis-
placements within the CA caldera rim (Figures 5 and 6). Source C is located below the central craters of the
CA inner caldera. Its depth of �8 km suggests that this deflating volume may be related to a previously
active, but now cooling and/or crystallizing magma responsible for the last eruptive activity. Due to its
depth, we exclude that such deflation is caused by the compaction of shallow, intracaldera sediments. The
deflation volume variation rate is 20.13 3 106 m3/yr, while the inflation rate at sources A and B is 0.11 3

106 m3/yr and 0.05 3 106 m3/yr, respectively. Despite the similar magnitude between the calculated volume
variations of sources A 1 B and C, the magma reservoir cannot feed the intrusions. The structural arrange-
ment of the involved faults precludes lateral migration and inflation of subhorizontal conduits, since obser-
vational data and numerical models require a mechanism of intrusion along vertical and southeast dipping
faults. In addition, experimental models of lateral magma migration from caldera structures clearly show
that melts may intrude subvertical or inward-dipping faults only if these structures depart from the caldera
floor (Galland, 2012).

The residuals of the model show some localized, short wavelength areas characterized by 1–2 cm of differ-
ence between observed and computed LOS displacements (Figure 5). This may be attributed to local phe-
nomena occurring during the 19 years of observation, or to the presence of lacustrine, clay-rich sediments.
The horizontal profile passing through sources A and C (Figures 5j–5l) shows that the sharp reduction to

Source A

N

Rome

Albano Velletri
Ciampino

0 km

8.4 km

Ro

Figure 6. 3-D sketch of the structural model with the active sources at the CA volcanic district, view from SW. Sources A
and B are reported as tabular but they have finite thickness. Topography with threefold amplification.

Table 2
Sources Parameters Retrieved by the Nonlinear Inversion

Source A
DVa (106 m3)

Source B
DVa (106 m3)

Source C
Eastingb (km)

Source C
Northingb (km)

Source C
depth (km)

Source C
DV (106 m3)

2.1 6 0.3 1.0 6 0.2 311.3 6 0.7 4623.4 6 0.7 28.1 6 1.1 22.5 6 0.8

aThe inverted parameter is the source’s potency. The volume variation is proportional. bEasting and Northing are in
UTM coordinates (WGS-84 projection, zone 33).
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the east of the uplift area occurs in correspondence of the AA fault and reaches its minimum above the
deflating source. On the CA eastern flank, outside the caldera, the deformation field is reproduced on aver-
age (i.e., vertical component).

The analytical and numerical models developed in this study account for an elastic and homogeneous
medium. However, the sensitivity of the surface deformations to elastic heterogeneities of the local crust
has been studied and documented (e.g., Manconi et al., 2010; Masterlark, 2007). Recently, the petrography
of volcanic products was found to impact on the interconnection and spatial distributions of volcanic sour-
ces retrieved by InSAR data at Rabaul caldera (Papua New Guinea), with direct implications on the dynamics
of the caldera (Ronchin et al., 2017). Tomographic studies evidenced low-velocity zones between 5 km and
16 km below the area of maximum uplift at CA (Cimini et al., 1994). Due to the low spatial resolution of the
tomography (5 km vertically), this information was not included in the FEM, but was used as an indicator of
the presence of a hot body. Local tomography by Chiarabba et al. (1994) evidenced localized velocity anom-
alies up to 20% shallower than 6 km depth. The effect of such anomalies may be considered negligible
since the ensuing deformation field at surface would be similar to that obtained with homogeneous models
(Masterlark, 2007; Trasatti et al., 2016). More in general, this also applies to cases with only large-scale char-
acterization of the lithosphere and limited knowledge of the local heterogeneities. The assumption of elas-
tic rheology may be an oversimplification since inelastic properties of the rocks may take place during the
20-year time period. Viscoelasticity, creep, plasticity of the crust, along with the poroelastic response of the
inner caldera and with viscoelastic behavior of the rocks surrounding the sources may contribute to the
observed surface deformation (e.g., Currenti et al., 2010; Hickey et al., 2016). A primary effect would be a
reduction of the actual overpressure value (Newman et al., 2001), with consequent reduction of the volume
variation estimates. The limited magma influx in presence of ongoing inflation would impact reducing the
volcanic hazard of CA. Unfortunately, there is no detailed knowledge of the local structure and these possi-
bilities cannot be fully investigated. We also felt to assume linear elastic rheology because of the constant
velocities detected from the time series (Figure 4).

The annual amount of magma storage rate at CA (1.6 3 105 m3/yr) is between two to three orders of magni-
tude lower than those estimated at large calderas such as Yellowstone (3.0 3 108 m3/yr) (Lowenstern et al.,
2006) and Aira, Japan (1.15 3 107 m3/yr) (Hickey et al., 2016), and one order of magnitude lower than that
estimated at Fernandina volcano (Galapagos) during the 2007 inflation (2.2 3 106 m3/yr) (Bagnardi & Ame-
lung, 2012). The comparably lower value of the CA magma storage rate, the nearly constant uplift rate
between 1992 and 2010, and the lack of significant seismicity (only one swarm in 1989–1990 over a period
of 30 years), indicate that magma is slowly, but persistently, accumulating aseismically at 4–8 km depth
below CA. This conclusion is also in agreement with the analysis of the CA seismic activity (Amato & Chiar-
abba, 1995). In this framework, an increment in the uplift and/or seismic rate, as well as a change in the
composition of the released gases and a shallowing of the deformation source could be signs of magma
migration toward the surface.

In summary, we demonstrate that despite the present-day phase of caldera deflation, the magmatic system
at CA is in a rejuvenation stage and new, articulated dike-like magma storage zones are slowly forming
below the western and southern flanks. These ongoing processes, possibly favored by the present-day
extensional tectonic regime, are pertinent to a scale broader than the Tuscolano-Artemisio caldera rim. To
more accurately assess the future evolution of the CA dynamics and evaluate the associated volcanic haz-
ard, a monitoring system with regular geochemical, seismic, and geodetic surveys should be implemented.
In addition, the CA western flank is prone to further hazard due to the ongoing deformation that could
favor future gravity instability phenomena such as landslides, and to the exposure to continuous release of
toxic gases (Beaubien et al., 2003; Chiodini & Frondini, 2001). This poses an additional, shorter term hazard
because of the presence of numerous small towns, infrastructures, the International Airport of Ciampino,
and the proximity of the city of Rome.

7. Conclusions

In this study, we present the results from gas geochemistry and InSAR processing at CA volcano, near Rome
(Italy). The magmatic helium signature sharply increases in correspondence with N-S faults along the west-
ern slope of CA. The deformation pattern evidences a constant rate uplift beyond the CA caldera, in the
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western and southern areas, and a central subsidence. Deformation modeling shows that major faults are
pathways for fresh magma intrusion, along which the vents of the most recent activity concentrate,
whereas an older, residual magma is cooling and deflating below the caldera. Even if at a not particularly
alarming rate, the uplift extends up to the south-eastern edge of Rome and the model constrains that the
site of preferred pathway for magma uplift is not a single pressurized source but the N-S oriented SMdM
fault. The CA magmatic system is slowly, aseismically, rejuvenating, and this poses a volcanic and environ-
mental (gas release) threat for Rome and surrounding areas.
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