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Evidence of poro-elastic inflation
at the onset of the 2021 Vulcano
Island (Italy) unrest

Santina Chiara Stissi, Gilda Currenti*, Flavio Cannavo and
Rosalba Napoli

Istituto Nazionale di Geofisica e Vulcanologia, Osservatorio Etneo, Catania, Italy

Thermal and pore-pressure variations induced by the circulation of hydrothermal-
magmatic fluids in porous and permeable media contribute to ground
deformation in volcanic areas. Here, we use solutions for the calculation of the
displacements induced by pore-pressure and temperature changes for simplified
geometry sources embedded in an elastic half-space with homogeneous
mechanical and porous properties. The analytical solution for a spherical
source is reviewed, and a semi-analytical approach for the calculation of the
displacement for a cylindrical source is presented. Both models were used for the
inversion of the daily deformation data recorded on Vulcano Island (ltaly) during
the 2021 unrest. Starting from September 2021, Vulcano Island experienced an
increase in gas emission, seismic activity, and edifice inflation. The deformation
pattern evolution from September until mid-October 2021 is indicative of a
spatially stationary source. The modeling of the persistent and continuous
edifice inflation suggests a deformation source located below the La Fossa
crater at a depth of approximately 800 m from the ground surface undergoing
avolume change of approximately 10° m®, linked to the rise in fluids from a deeper
magmatic source. Corroborated by other sources of geophysical and
geochemical evidence, the modeling results support that thermo-poro-elastic
processes are sufficient to explain the observed displacement without necessarily
invoking the migration of magma to shallow levels. Our findings demonstrate that
thermo-poro-elastic solutions may help interpret ground deformation and gain
insights into the evolution of the hydrothermal systems, providing useful
implications for hazard assessment during volcanic crises.

KEYWORDS

ground deformation, thermo-poro-elastic effect, cylindrical source, genetic inversion
algorithm, Vulcano Island, volcano monitoring

1 Introduction

In recent years, an increasing number of observations have shown that hydrothermal-
magmatic fluid circulation plays an active role in inducing stress variations and,
consequently, in modulating ground deformation in volcanic areas (Hurwitz et al., 2007;
Hutnak et al., 2009; Rinaldi et al., 2010; Troiano et al., 2011; Fournier and Chardot, 2012;
Currenti et al., 2017; Miller et al., 2017). The ground surface deformation events, including
inflation and deflation episodes that can differ drastically in duration and amplitude
depending on the volcanic activity, are usually associated with magmatic processes
where the transfer of new magma to shallow depth is involved (Dzurisin, 2007; Battaglia
et al,, 2008; Napoli et al., 2008; Currenti et al., 2011; Napoli et al., 2011). Concurrently,
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magma movement and degassing may drive the convection of
hydrothermal fluids in the surrounding rocks. Indeed, poro-
elastic and thermal processes, induced by hot fluid flow in a
permeable medium, can be responsible for surface deformation
(Bonafede, 1990; Chiodini et al, 2003; Hurwitz et al., 2007;
Rinaldi et al, 2010; Belardinelli et al, 2019). These processes
involve temperature and pore-pressure changes that necessarily
induce thermal, stress, and strain variations. The inflation (or
deflation) of a hydrothermal system is closely linked to the
disequilibrium between the quantity of fluids entering the system
and the quantity of fluids released at the surface, as well as their
release velocity (Todesco, 2021). Injection of high-temperature
fluids, originating from deeper magmatic sources, or tectonic
activity enhances the circulation of hot fluids within shallow
portions of hydrothermal systems. These processes, often
accompanied by thermal expansion of the saturated host rock,
can rapidly accelerate local overpressurization and fracturing that
are reflected on the ground surface as observable deformation.
Unrest, characterized by pressure-induced fracturing and
associated deformation, has been studied at many volcanoes
worldwide (Newhall and Dzurisin, 1988; Gambino and
Guglielmino, 2008; Cannata et al, 2012; Harris et al, 2012;
Phillipson et al., 2013; Acocella et al,, 2015; Kobayashi et al.,
2018; Narita et al, 2020). Many efforts have been made to
estimate surface displacement induced by the migration of hot
hydrothermal-magmatic fluids (McTigue, 1986; Bonafede, 1990;
Bonafede, 1991; Battaglia et al, 2007; Mantiloni et al, 2020;
Todesco, 2021).

The modeling of ground deformation associated with thermal
and pore-pressure changes can be based on the linear theory of
thermo-poro-elasticity (McTigue, 1986; Wang, 2000; Shapiro,
2015). Several approaches have been used for devising solutions
for the thermo-poro-elastic problem (Wang, 2000; Davies, 2003).

Semi-analytical and analytical models proposed by Belardinelli
et al. (2019) (sphere and spherical shell) and Mantiloni et al. (2020)
(thin disk) are suitable to model displacement, strain, and stress
fields induced by pore-pressure and temperature changes in a
homogeneous 3D full-space and 3D half-space, respectively.
Their models were applied to represent both the seismicity
distribution and the heterogeneities
observed at Campi Flegrei during the 1982-84 (Belardinelli et al.,
2019; Mantiloni et al., 2020) and 2011-13 (Belardinelli et al., 2019)
unrest episodes. Nespoli et al. (2021) proposed a numerical

of focal mechanisms

approach for modeling the displacement and stress fields
produced by thermo-poro-elastic inclusions of cylindrical shape
immersed in a half-space to overcome the limit of the thin
thickness of the disk in the analytical formulation of Mantiloni
et al. (2020). The numerical approach allowed Nespoli et al. (2021)
to extend the results to an arbitrary geometry, non-uniform pressure
within  the
heterogeneities of the elastic parameters of the medium enclosing

and temperature inclusion, and the vertical
the source. Recently, Nespoli et al. (2022) modeled thermo-poro-
elastic sources with an arbitrary geometry in a layered medium.
Todesco (2021) assumed a cylindrical hydrothermal reservoir to
prove that the measured subsidence and the post-1985 uplift at
Campi Flegrei are consistent with a poro-elastic rock response to
pore-pressure variations associated with changes in the fluid content

entering or leaving the shallow hydrothermal system.
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FIGURE 1

Map of Vulcano Island (latitude and longitude are given in the
UTM33S system) showing locations of the GPS monitoring stations.
The GNSS permanent network consists of six stations equipped with
Leica GRX1200/GX1220 receivers and LEIAT504 antennas. The
dashed areas indicate the locations of gas emission increase (after
Inguaggiato et al., 2022). The white lines in the figure in the upper right
represent the main faults.

The lack of straightforward analytical solutions for easily
computing thermo-poro-elastic displacements has hampered their
use in inverting the observed deformation linked to these processes.
Numerical solutions are, in general, too computationally heavy to be
used in the inversion scheme. On the other hand, simple analytical
solutions can be efficiently and easily applied to obtain a first
approximation of the deformation source for a rapid response
periods. Indeed, the
deformation due to prescribed temperature and pore-pressure

during unrest computation of the
distributions can be simplified and reduced to the determination
of the Newtonian potential for a mass distribution whose density
coincides with the given temperature and/or pore-pressure field
(Goodier, 1937; Fung, 1965). The analogy between gravitational and
displacement potential permits the generation of equations
mathematically similar to those describing the gravitational field
due to an assigned density distribution, by replacing the
displacement field u with the gravity acceleration g (Goodier,
1937; Sternberg and McDowell, 1957; Fung, 1965; Wang, 2000).
Exact closed analytical solutions for gravity acceleration have been
widely devised for simplified geometries of homogeneous density
distributions (Blakely, 1996), whereas semi-analytical approaches
have been used when analytical solutions cannot be
straightforwardly derived (Na et al., 2015; Hemmings et al.,, 2016).

By benefiting from the simplification of the displacement
potential formulation, here we aim to revise and derive solutions
for easily computing thermo-poro-elastic displacements for simple
spherical and cylindrical sources in this paper. The semi-analytical
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formulations have been developed by exploiting the analogy
between the gravitational and displacement problems. First, we
verified the derived solutions by comparing with finite-element
(FE) results. Then, we applied the model to explore whether the
ground deformation observed at the onset of the 2021 Vulcano
Island (Italy; Figure 1) crisis could be explained as a response of the
porous medium to the rise in fluids from a deeper magmatic source
located below the La Fossa crater. Unlike the major unrests of this
volcanic complex in the past, significant ground deformation was
recorded from September until mid-October 2021 (INGV Report,
2022). A rapid areal expansion of approximately 22 ppm (part per
million), in addition to an uplift of approximately 1.3 cm in the
northern sector of the cone, was indeed observed (Guglielmino et al.,
2022). To determine the nature, size, and depth of the deformation
source, the daily horizontal and vertical deformation data measured
by the continuously running GPS monitoring network at Vulcano
Island (Figure 1) were inverted by combining the derived
with a

straightforward model

algorithm (GA).

thermo-poro-elastic genetic

2 Thermo-poro-elastic deformation

The mathematical model is designed based on the governing
equations of the thermo-poro-elasticity theory, which describes the
elastic response of a porous medium to the propagation of hot and
pressurized fluids through pores. Assuming that the rock is in the
quasi-static equilibrium, the displacement can be found by solving
the equations of stress equilibrium coupled with thermo-poro-
elastic extension of the Hooke’s law, giving the following set of
equations (Fung, 1965; Wang, 2000; Jaeger et al., 2007):

V-6=0, (1)

o =Atr(e)l +2pue + arK4ATI + BAPI, (2)
1

€= E(Vu + (Vu)T), (3)

where ¢ and € are the stress and strain tensors, respectively, I is the
identity matrix, and u is the deformation vector. Equation 2 is the
thermo-poro-elastic extension of the Hooke’s law ¢ = A tr(e)I +2p &,
where A and y represent the Lamé’s first parameter and the modulus
of rigidity, respectively, obtained by adding the AP pore-pressure
change through the Biot-Willis coefficient  and the AT
temperature variation through the volumetric thermal expansion
coefficient ay. The relationship between the coefficient § and the
drained K, and solid K, bulk moduli is given as f =1 - % The
quantity, expressed as

B

K_dAP + arAT, (4)

& =
is the stress-free strain, that is, the strain associated with changes in
pore-pressure and/or in temperature within a thermo-poro-elastic
source (Belardinelli et al., 2019; Nespoli et al., 2021).
Pore-pressure and/or temperature variations induce volume
changes AV, whose relationship with the stress-free strain ¢ is
given by & = % (Rinaldi et al., 2010), where V| is the initial volume
of the source. The relationship suggests that &, also represents the
relative change (dilatation or compression) in volume of the thermo-
poro-elastic deformation source. It is worth noting that AV
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represents a stress-free volume change, that is, the volume
change that the source undergoes if not immersed in the elastic
medium. The actual volume changes that the thermo-pore-elastic
source undergoes if immersed in the elastic medium is given by
AV = % %AV (Belardinelli et al., 2019; Belardinelli et al., 2022).

Closed analytical solutions to Eqs 1-3 can be derived only under
simplified assumptions for material properties, pore-pressure and
temperature change distributions, and domain and source
geometries.

A solution for the stress equilibrium equations of thermo-poro-
elastic deformation sources can be expressed in terms of a
displacement potential ¢ that satisfies a Poisson’s equation in the
form V2¢ = const. (Fung, 1965; Wang, 2000), stating the analogy
between pressure/temperature change in thermo-poro-elastic
problems and charge density and mass anomaly in electrical and
gravitational potential problems in an infinite space, respectively
(Wang, 2000). Therefore, for a thermo-poro-elastic deformation
source located in unbounded, isotropic and homogeneous medium
in isothermal and drained conditions, from Eqs (1-3), it follows that
(Goodier, 1937; Fung, 1965)

1
A+2u

Vi = - (BAP + arK4AT), (5)

and the thermo-poro-elastic displacement u at an observation point
Q(xq, y0,2q) is calculated as

o, 9
aXQ, ( ayQ’

_ 9%

z = aZQ’

x =

(6)

where the displacement potential ¢ is given by (Goodier, 1937; Fung,
1965):

1 B AP (xe, Yer 2c)
A+ 2u dn J”D R dxedycdze

1 wKy L” AT (xc, Yer 2c)
A+2u 4n D R dxcdycdze.
(7)

In (7), C = (x¢, Yo, zc) is the center of the source subjected to
pore-pressure and/or temperature changes, D is an infinite domain,

The

¢(x0, yor2q) =

and R= \/(xc - xQ)2 + (yc - yQ)2 + (z¢ — ZQ)z.
displacement vanishes as R reaches infinity. The displacement at
the surface zg = 0 of a half-space is calculated by considering the
direct proportionality with the solution at z; = 0 in an infinite space
(Wang, 2000).

In the following section, we illustrate the derivation of the
mathematical formulations to compute the displacement induced by
temperature and pore-pressure changes for a half-space domain with the
homogeneous distribution of mechanical and porous rock properties.
Furthermore, pore-pressure and temperature change distributions are
assumed to be homogeneous within a simplified source geometry.
Spherical- and cylindrical-shaped sources are investigated.

2.1 Spherical source
We report the solution for the displacement field in a half-space

domain due to a stress-free strain ¢, within a spherical geometry
source (Rinaldi et al., 2010). We assume that the observation points
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Q(xq, yq»2q) are placed on the surface of the half-space domain.
Since the model has an axial symmetry, a 2D axi-symmetric domain

is used in cylindrical coordinates Q’(p,9,zq), where p =

\/(xc - xQ)2 +(yc - yQ)2 and 9 = arctan ((yc — yq)/ (xc — xq))-

The dependence on 9 disappears because of the axial-symmetry

condition. The axis of symmetry is vertical and passes through the

center (0,z¢) of the source. The displacement, in the radial U, and

vertical U, components, respectively, generated by a spherical source

at the observation point Q' (p, zq) is given as follows (Mindlin, 1936;
Mindlin and Cheng, 1950; Davies, 2003; Rinaldi et al., 2011):

U, (@)= 10avs ®)

3nR

1+ v)AV

7'[

U.(Q) = (zq - zc). ©)
Here, AV's = &V, is the stress-free volume change, where Vo, represents
the initial volume of the sphere, v is the Poisson’s ratio, and R' =
p*+ (zg — zc)? is the Fudidean distance between the observation
point Q' (p,zq) and the center (0,z¢) of the deformation source.
The horizontal deformation components, U, and Uy,
respectively, at the observation point Q in Cartesian coordinates
can be easily derived as follows:

1+v)AV

U, (Q = % (xq - xc), (10)
1+ 9)AV,

U,@ =0 (- o) an

It is worth noting that formulations (8) and (9) are similar to the
Mogi solution, which provides ground deformation generated by a
spherical cavity under the action of an overpressure APy on its wall,
that reads as (Mogi, 1958)

a (l—v)AP (1 -»)AV
U, (Q) = Hp= —
yR nR

AP AV
U.(Q) = #(ZQ_ZC):M
UR

(12)

(zq - zc),
(13)

where AV = ™ ﬁp A is the actual volume change and a is the radius
of the Mogi source. Because of this similarity, it is not possible to
distinguish between the magmatic and thermo-poro-elastic processes
using deformation data alone (Lu et al., 2002), since they engender the
same deformation pattern. In the Mogi model, the actual volume
change AV represents the actual radial expansion of the source wall,
whereas the volume change AVg = 31=2AV, which appears in the
thermo-poro-elastic equation (Egs 8, 9), represents the stress-free
volume change if the source could expand freely under the action of
the stress-free strain €. The Mogi solution is identical to the solution

for a thermo-poro-elastic spherical source embedded within an elastic

Ly pAVs

15 5. acts from  within

medium if an overpressure APg =
(Belardinelli et al., 2019).

2.2 Cylindrical source

Ground deformation induced by thermo-poro-elastic strain
changes within a cylindrical source has been described by
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Wang (2000).
analogy between thermo-poro-elastic deformation and gravity

The mathematical formulation exploits the

change problems. For the gravity changes, closed analytical
solutions were derived but only at the observation point along
the axis of symmetry of the cylindrical source (Telford et al,
1981). Benefiting from these solutions, recently Todesco (2021)
estimated the expected poro-elastic vertical deformation at
Campi Flegrei induced by a cylindrical-shaped hydrothermal
system. However, this closed-form analytical solution only
allows the computation of the vertical deformation at a point
along the axis of symmetry. Semi-analytical solutions can be
derived using spherical harmonic series of Legendre polynomials
(Na et al., 2015). Examinations of both gravity (Na et al., 2015)
and, more recently, thermo-poro-elastic deformation (Mantiloni
et al., 2020) have shown that the solutions are accurate under the
assumption that the height & of the cylinder is much smaller than
its radius R (h/R<1). The analytical solutions for thin disk-
shaped sources (Mantiloni et al., 2020) can be easily generalized
to model thick cylindrical sources by stacking two or more disks
(Nespoli et al., 2021; Belardinelli et al., 2022).

We provide an alternative way to compute the displacement
induced by pore-pressure and temperature changes for a cylindrical
source by extending the formulation proposed by Hemmings et al.
(2016) for the gravity changes. Starting from this formulation, we
have derived the semi-analytical solution to compute the analogous
radial and vertical displacements. In the cylindrical coordinate
system, each elementary source (p;,z;), with which the source is
composed of, represents a portion of an elementary source ring
centered in (0,z;) and radius p; (Supplementary Figure S1). The
distance between the observation point Q' and the elementary
source at (p;, z;) is, in cylindrical coordinates, a function of 9,

that is, s(9) = \/pl2 —2p;pcos(9) +p? + (zq - z:)?. Under this
configuration, from Eq 7, we derived the displacement potential
¢ = £2,p,dp,dz; JO ;@49 for a single ring and obtained the
displacement field at Q' by computing the gradient of the
potential (Eq. 6):

2n
p—picos(9)

dp,d ,J —t—=—=dd

£O,P, pt Z o 3(9)3

U,(Q) = X (14)

U.(Q) = u50»P‘dP-dZi (70 - 2) r" %dﬁ, (15)
z 371_ iri 1 0 s (9)
where V; = p,dp;dz;d¥ is the volume of each elementary source (p;,
z;) on the ring and G, (p;, z;) = 13;Vpldpidzip_’;"(69°)§(9) and G, (p;, zi) =
g;”pldpidzizs‘ég)zf are the Green’s functions. Equations 14, 15

represent, respectively, the radial and vertical components of the

displacement field due to a single ring. The integrals in the equations
are solved numerically using a recursive adaptive Simpson
quadrature scheme.

Finally, the displacement, recorded at the observation point Ql,is
obtained by summing up the contributions of each elementary ring:

9

U, (Q) 1+v£02(pz)/’1 p,dz JO ;%;)s() . (16)
1 L |

U (Q) +v£°2(p;,zi) p,.dpidz,»(zQ—z,-) JO st (17)

Equations 16, 17 represent the semi-analytical formulations to
compute the ground displacements generated by a cylindrical source
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consisting of many elementary rings as a function of the position of
the observation point Q' (p, zq).

This approach only allows us to compute the surface
displacements (i.e., zo =0). In order to compute displacement,
strain, and stresses in the interior points of the half-space
domain, it is no longer possible to use the scalar potential
because the displacement field is not irrotational (Mantiloni
et al., 2020).

In order to verify the results and check the accuracy of the
numerical integration, solutions from Formulas 16, 17 were
compared with the numerical thermo-poro-elastic results
(Supplementary ~ Material)  calculated  using ~ COMSOL
Multiphysics software (COMSOL, 2012), which solves Eqs 1-3
with a finite-element (FE) discretization (Currenti and Napoli,
2017; Stissi et al., 2021).

The accuracy of the semi-analytical solution depends on the
discretization of the source in elementary rings with finite thickness.
The smaller the element, the better the solution. For shallow and/or
large cylindrical sources, a more accurate solution is obtained by
considering the cylindrical source as the superposition of smaller
sources (Supplementary Figure S3). The surface displacement is
calculated, according to Eqs 16, 17, as the sum of the displacements
induced by the single smaller sources. The comparison shows a good
agreement between the proposed semi-analytical and numerical
solutions (Supplementary Figures S2, S3).

In the following section, we applied the derived solutions to
invert the ground deformations observed at the onset of the
2021 unrest episode in Vulcano Island.

3 Thermo-poro-elastic deformations at
Vulcano Island during the 2021 unrest

During the last century, Vulcano Island has been characterized
by significant solfataric fumarolic activity, concentrated along the
main structural features of the volcanic complex (Selva et al., 2020).
This solfataric fumarolic activity represents the main evidence of the
presence of an extensive hydrothermal system, inferred by different
geophysical and geochemical investigations beneath the La Fossa
Caldera at a depth between 500 and 1,500 m below sea level (b.s.l.)
(Chiodini et al., 1992; Berrino, 2000; Alparone et al., 2010; Napoli
and Currenti, 2016; Ruch et al, 2016). After its last eruption in
1888-1890 (Keller, 1980), a number of unrest phases (e.g., in
1978-1980, 1988-1991, 1996, 2004-2007, and 2009-2010) have
been characterized by the occurrence of generalized increases in
the crater fumaroles’ temperature and the expansion of exhalative
areas (Carapezza et al., 1981; Chiodini et al., 1992; Diliberto, 2017).
These anomalies were also accompanied by the rise in CO, fluxes in
soils and SO, fluxes in the plume. In the last 30 years, the unrest
phases were accompanied by a significant increase in the volcano
seismicity associated with variations in the hydrothermal system
(Milluzzo et al., 2010; Cannata et al., 2012), but neither volcano-
tectonic events nor significant ground deformation has been
concurrently observed (Selva et al., 2020).

The last unrest phase, which began in September 2021, has been
characterized by anomalous soil degassing producing dangerous
levels of CO, in different areas of the island, reaching a maximum
value of 34,000 gm™ day !, which is 20 times higher than the
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average background values recorded in the last decades. At the
same time, SO, in the plume emitted in the summit area reached
2.7 kg s, that is, one order of magnitude over the mean value of the
last 13 years (Aiuppa et al.,, 2022; Inguaggiato et al,, 2022). These
geochemical anomalies were accompanied by a rapid increase in
seismicity, characterized by long period (LP) and very long period
(VLP) seismic events, up to 78 events per day in September, located
to the northeast of the La Fossa Cone at an average depth of
750 mb.sl, and by significant ground deformation (INGV
Report, 2022; Currenti et al.,, 2023; Federico et al., 2023). This is
the first unrest episode in which sharp and fast deformation,
although with small magnitude, has been detected at Vulcano
Island since the setup of the GPS monitoring network.

3.1 Deformation data

Figure 2 shows the daily horizontal (U, and U,) and vertical
(U,) deformation data measured by the GPS monitoring network at
Vulcano Island from January 2019 to December 2021. Raw daily
GPS data were processed using GIPSY software (Bertiger et al., 2020)
in a precise point positioning mode applied to the ionospheric-free
carrier phase and using JPL’s final orbit and clock products.
Solutions were first aligned to IGS14 by applying a daily seven-
parameter Helmert transformation. Finally, to remove the, albeit
minor, regional long-term tectonic movements, each time series of
local positions was corrected from residual trends estimated up to
August 2021 as a linear trend. To reduce the noise, a moving
centered median filter was applied with a fixed window length of
35 days. No significant variations were observed before September
2021 after which the crisis started with sudden increases in gas
emission (Aiuppa et al., 2022) and seismicity (INGV Report, 2022;
Federico et al., 2023). Concurrent ground deformations of a few
centimeters were recorded at almost all the stations from the
mid-October, when the
deformation ceased. The average deformation rate at the closest

beginning of September until
station to the summit (IVCR) was approximately 4.06 x 107> cm/
day. Data disclosed a clear radial pattern centered in the La Fossa
Cone area (Figure 3A). The ground deformation observed between
2 September and 13 October indicated a continuous expansion of
the volcano edifice. During the entire period, a continuous
amplification of the deformation was recorded at all the stations
with a persistent pattern (Figure 3A). Indeed, the ratio between
ground deformation components at different stations was fairly
constant (Figure 3B), suggesting that the deformation source, which
was observed from the onset of the Vulcano Island crisis, is almost
spatially stationary.

3.2 Inversion modeling

The horizontal and vertical displacements observed at
Vulcano Island have been inverted to constrain the source and
gain insights into the deformation process. We explore both the
spherical and cylindrical sources in order to find the best-fitting
solution.

The inverse method combines the derived forward models with
GA (Tiampo et al., 2000; Currenti et al., 2007; Carbone et al., 2008),
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in order to find the model parameters that minimize the misfit
between the observed and computed deformations. Following an
evolutionary scheme, GA iteratively explores the model parameter
space and tries to find the global optimal solution. The misfit is
quantified using an objective function defined as the root mean
square error (RMSE) between the observed data Ugps = (Uobsx> Uobsys
Uobsz) the the
model Ueyre = (Ucalcx» Ucalcy) Ucalcz):

and deformation forward

computed by

RMSE:\E(ZZ( s =Uaien)' + Y0 (Uotsy, ~Ueie))' + Y Utz ~Uaee ')

(18)

Here, n = ny + 1, + n3, where ny, np, and n3 represent the number of
observation points for each deformation component.

For the spherical source, the model parameter vector is
represented by p = {xc, yc,zc, AV}, where (xc, yc, z¢) are
the coordinates of the center of the source and AVy is the
stress-free volume change, while for the cylindrical source, it
is represented by p = {x¢, yc,d, R, h, &}, where (x¢, yc) are the
coordinates of the center of the source, d is the depth of the top of
the cylinder, R is the radius, h is the height, and ¢, is the stress-
free strain (Tables 1, 2).

Frontiers in Earth Science

For each set p of parameters, the forward model computes an
initial population of solutions Uy (p) whose fit with the observed
data is evaluated by means of the objective function (Currenti et al.,
2007) to evaluate the “best” sets of parameters in the entire
population, i.e., the model that minimizes the objective function.
The best sets of parameters are modified by applying evolutionary
rules for the generation of a new set of parameters that on average
are better than the previous parameters. The procedure is iterated,
and the initial population evolves over several generations (Currenti
et al., 2005), until the algorithm converges to the global optimal
solution.

It is worth noting that the deformation solutions (Eqs 8, 9 and
Eqgs 16, 17) are linearly proportional to AV for the spherical source
and g for the cylindrical source. For this reason, the parameters AVg
and g are omitted in the set of the inversion parameters and are
computed at each step by the least squares method:

-1
AVS org = (Ucalc X Uz.alc)

x Ugge x UL (19)

Insucha case, the dimension of the search domain for optimization
isreducedto p = {x¢, yc, zc}and p ={xc, yc, d, R, h} for the spherical
and cylindrical geometries, respectively.
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(A) Observed displacement path lines at each station. The

colored dots indicate the deformation pattern over time, from

2 September 2021 to 13 October 2021. (B) Relationships between
deformations in different stations from 2 September 2021 to

13 October 2021. The figure shows the relationships between the
north components in the stations IVCR and IVGP (top left panel) and
between the north component in the station IVCR and the east
component in the station VCSP (top right panel). The relationships
between the vertical displacements for the stations IVCR and IVGP
(bottom left panel) and IVCR and VCSP (bottom right panel) are also

shown.

An extensive search was performed on the model parameter

space, whose ranges are reported in Tables 1, 2. Since the
deformation pattern clearly points to a deformation source
located below the La Fossa Cone, the search range for the source

10.3389/feart.2023.1179095

position is limited within a 4-km-wide box centered in the summit
area. GA is initialized with a random population consisting of
100 individuals, and it iterates till it converges. A single GA
inversion takes on average 3.5s for the sphere and 12s for the
cylinder. The GA inversion is performed 5,000 times to obtain an
estimate of the model uncertainty. The models obtained after the
convergences are used to appraise the results by computing the 1D
and 2D marginal distributions. The 1D marginal distributions, given
by the histograms of the model parameters in the solution set,
provide the confidence intervals, whereas the 2D marginal
distributions, calculated for selected pairs of parameters, offer
further information about their trade-offs (Sambridge, 1999).

4 Numerical results
4.1 Deformation models

The computed displacements for the optimal spherical solution
(Figure 4), whose parameters are reported in Table 1, generally fit
with the observed data with an RMSE of approximately 3 mm. The
solution indicates a deformation source centered in the La Fossa
Cone, as already suggested from the radial pattern of the data
(Figure 4A), at an average depth of 720 m below the ground
surface. The 1D marginal distributions (Figure 5) indicate that
the model parameters are well constrained. The mean, the
median, and the optimal solutions are well within the 95%
confidence intervals which are very narrow for all the parameters
(Table 1). The 2D marginal distributions of the estimated source
parameters from the inversions show that they concurrently
converge toward the optimal solution.

For the cylindrical source, the computed displacements of the
optimal solution (Figure 6; Table 2) are very similar to those
obtained for the spherical source (Figure 4) with a comparable
RMSE (3 mm) (Tables 1, 2). The source position is almost the same,
and the 95% confidence intervals of the two solutions show
considerable overlap. The top of the source lies at 360 m depth
providing a cylinder center depth of approximately 860 m, which is
almost the same center depth estimated for the spherical source
(720 m). Nonetheless, the cylinder center depth is slightly outside
the confidence interval of the sphere depth, which ranges between
646 and 849 m. The radius R and height h parameters are not well
constrained (Figure 7A) and have larger confidence intervals. The
examination of the 2D marginal distributions shows that the radius
and height parameters are not fully independent (Figure 7A). The
smaller the radius, the taller the cylinder. The marginal distributions

TABLE 1 Parameters that define the spherical source: xc, yc, and z¢ are the coordinates of the center of the source, and AV;s is the volume change. For each
parameter, we report the search range, the optimum, the mean, and the median solutions obtained by the inversion algorithm. The misfit value and the 2.5 and
97.5 percentiles are reported. (*) The range of AVs was obtained by using the least squares method (Eq. 19).

Model parameters Range Optimum Mean Median 2.5% 97.5%
xc [m] [494,516, 498,516] 496,513 496,516 496,515 496,446 496,594
yc [m] (4,248,788, 4,252,788] 4,250,785 4,250,790 4,250,787 4,250,735 4,250,850
z¢ [m] [-1,500, —100] -722 -735 -729 -849 ~646
AV [m*] (80,617, 156,901] 107,499 109,483 108,425 96,311 127,567
Misfit value [m] - 0.00295886 0.00295958 0.00295906 - -
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TABLE 2 Parameters that define the cylindrical source: xc and y¢ are the coordinates of the center of the source, d is the depth of the top, R is the radius, h is the
height, and ¢ is the stress-free strain. For the cylindrical source, zc = d — h/2. For each parameter, we report the search range, the optimum, the mean, and the
median solutions obtained by the inversion algorithm. The misfit value and the 2.5 and 97.5 percentiles are reported. (*) The range of &, was obtained by using the

least squares method (Eq. 19).

Model parameters Range Optimum Mean Median 2.5% 97.5%
xc [m) [494,516, 498,516] 496,517 496,517 496,516 496,441 496,592
ye [m] (4,248,788, 4,252,788] 4,250,787 4,250,788 4,250,786 4,250,736 4,250,851
d [m] [-1,000, —10] -362 -433 -417 —634 -298
R [m] [100, 800] 116 178 156 102 376
h (m] [100, 1,000] 1,000 736 808 178 997

£ [0.000076, 0.037] 0. 0029 0.0028 0.0022 0.00029 0.0099
Misfit value [m] - 0.00293421 0.00558316 0.00304551 - -
A Radial deformation B Ratllal defolmatioh
4254 TN 7t . = 0.01 - IER # Computed U, |
- fs | == Computed def. d VCSP Analytical solution
% = Observed def. IVGP
4253 - =
- i
1252 1P = 0.005 A -7 -
N = WLC
s S Y T VUG
IVCR S
= 4251 % S cspit < “"y 0 , .
£ - £ 0 1 2 3
5 4250 c p [km]
3 2 Vertical deformation
< \ 0.04 ' i
4249 - * . g Computed U,
©  Observed U,
4248 "2 0.02 - L
4247 2
0- ) ’
4246 - ,r“ - - o
494 495 496 497 498 499 500 501 0 1 2 3

East [km)]

FIGURE 4
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Comparison between observed and optimum computed deformation for the spherical source. (A) U, and U, components of the radial deformation
in each station; the red circle indicates the position of the source. (B) Radial deformation as a function of the radial distance of the stations from the
deformation source. (C) Vertical deformation as a function of the radial distance of the stations from the source.

show that these parameters have a wide range of variability, and,
starting from the optimal solution, there are several pairs of
parameters (R, h) values and associated stress-free strain &
values, for which the computed deformation fits the observations
as well (Supplementary Figures S5, S6). This implies that diverse
cylindrical sources with different radii, heights, and strain variations
can be equally responsible for the observed ground deformations.

Under the action of thermo-poro-elastic effects, both the
optimal spherical and cylindrical sources undergo a comparable
volume change. For the spherical source, an optimal value of AV =
1.07 x 10°m’ is obtained. For the cylindrical source, the volume
change is also well constrained (Figure 7C). Its distribution assumes
values between 0.9 x 10° m® and 1.4 x 10° m? centered around a value
of AV¢ = &V, = 1.15x 10° m® (Figure 7C), which is very similar to
that of the spherical source.

Frontiers in Earth Science 08

Despite the reasonable and similar fits of the spherical and
cylindrical source models, discrepancies between the observed and
computed deformations are obtained, for both geometries, at VCSP,
IVUG, and IVLT stations. At VCSP and IVLT stations, although the
amplitudes of the computed deformations are comparable to those
observed, the computed radial deformation vector appears to be
rotated by approximately 40° clockwise with respect to the
observations. Moreover, at IVUG, the model predicts a strong
attenuation. We further investigated whether these discrepancies
could be explained by the volcano topography, with an edifice that
extends from —1,180 m b.s.l. to 497 m a.s]l. We performed finite-
element modeling for the spherical source using COMSOL
(Supplementary Figure S7). The COMSOL numerical results are
similar to the analytical solutions. The only slight difference is
observed at the IVCR station, closest to the La Fossa cone, where
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1D (diagonal) and 2D (off-diagonal) marginal distributions of the solutions set provided by the inversion algorithm for the spherical source. For each
parameter (x¢, Yc, Zc, AVs), we report the optimum (in orange), the mean (in blue), and the median (in magenta) values (Table 1) of the ensemble solutions.
In each contour plot, the black dot (located by the dashed gray lines) indicates the optimal solution.
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(A) 1D (diagonal) and 2D (off-diagonal) marginal distributions of the GA solutions set for the cylindrical source. For each parameter (xc,yc, d, R, h, o),

we report the optimum (in orange), the mean (in blue), and the median (in magenta) values (Table 2) of the ensemble solutions. In each contour plot, the
black dot (located by the dashed gray lines) indicates the optimal solution. (B) Relationship between Vi and &g for the cylindrical source. The misfit is
indicated for each pair (Vo., €0) of the GA solutions set. (C) Volume change distribution for the cylindrical source.

the maximum radial deformation is observed. In fact, at this station,
the COMSOL deformation solution appears rotated clockwise with
respect to both the semi-analytical solution and the observed data.
Opverall, the RMSE is approximately 3 mm, similar to that achieved
for the analytical solution. Therefore, the surface topography alone is
not sufficient to justify the rotation at VCSP and IVLT and the larger
displacement at IVUG.

4.2 Global sensitivity analysis

A sensitivity analysis is performed to evaluate the impact of the
parameters on the solutions of the spherical and cylindrical sources. We
applied the Morris method (Morris, 1991), a widely used one-at-a-time
(OAT) global sensitivity analysis (GSA) (Feng et al,, 2019). In particular,
the Morris method represents an excellent tool for identifying the
influential parameters of a model with a large number of inputs and
quantifying the response of the model to the change in the input
parameters (Conca et al,, 2016; Liu et al., 2020).
sample of the input

Starting from a parameters

(X1 s X s X X1y )5 - -5 X)), @ trajectory is built within the

input space by modifying one parameter at a time
* * * * * .

(X1, .05 x; 5% £A,x;05...,x,) and evaluating, for each

variation, the elementary effect EE,] (ith parameter and jth

Frontiers in Earth Science

trajectory) given by the ratio between the variation of the output
solution y and the variation A of the input:
M,...,xn)—y(xl,...,xi,...,xn)
A
Y (xn X .,xn)—y(xl,...,xi_l,xi —A,xm,...,xn)
= n .

y(xl,...,x,;l,xi+A,x

EE,] = orEE,j

(20)

Having iterated this procedure for a r number of trajectories for
each parameter i, the absolute value of the mean [4; and the standard
deviation o; of the variations is computed, respectively, as follows:

R
Ui = ; Zj:1|EEi|’

T ;
0 = \/r — Zj:I(EE{ -

where p; =1 Z;:IEE{.

These quantities provide a measure of the sensitivity of the
model. High values of 4 indicate that the ith parameter has a great
influence on the output solution.

The results of the Morris method applied to our models are
shown in a (u*, o) plot (Figure 8). For the cylindrical source model,
the results are in agreement with the marginal distributions of the

1)

(22)

I‘x‘)z’
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Sensitivity analysis carried out with the Morris method for the
parameters of the spherical source (open dots) and cylindrical source
(full dots). Higher mean values come with slightly higher uncertainty.

GA solutions set (Figure 7A). The points of the plot in the lower left
(R and h) have smaller mean y* values, indicating that a variation in
these parameters causes negligible effects on the output (Conca et al.,
2016). Indeed, these parameters show a wide range of variability in
the marginal distributions (Figure 7A). On the other hand, the
points at the top right of the plot (x¢, yc, and d) show larger values
of the y*, which denotes that a variation in these parameters strongly
influences the output of the model (Conca et al., 2016). In fact, these
parameters are well constrained as shown in the 1D marginal
distributions (Figure 7A).

For the spherical source model, the mean values y* of the
parameters do not differ significantly from each other. All the
parameters are well constrained and equally concur with the
solution as already seen from the inspection of the marginal
distributions.

4.3 Estimates of overpressure

The thermo-poro-elastic deformation is the result of the
volumetric strain variations linked to changes in pore-pressure
and temperature (Eq. 4). Thermal effects can be much greater
than those due to pressure (e.g., Nespoli et al., 2021; Belardinelli
et al., 2022) but are usually much slower than the pore-pressure
buildup (Coco et al., 2016; Currenti and Napoli, 2017). However,
effects
develop. In the 2021 Vulcano Island crisis, although the thermo-

thermal may be faster when advection processes

elastic effect could have also contributed to the deformation
(temperature increase up to 50°C; INGV Report, 2022), we
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focused on the estimation of pore-pressure increase. Assuming
that the observed deformation is driven only by the pore-
pressure variation at the source, we can estimate the pressure
change from the relationship between AP and ¢ (Eq. 4). This
relationship suggests that the pressure variation also depends on
the elastic properties of the rock, which are closely related to
lithology, rock type, degree of fracturing, water content, depth,
confining pressure, temperature, compaction, and hydrothermal
alteration (Heap et al., 2014; Juncu et al, 2019; Todesco, 2021).
In the literature, no data are available on the elastic properties of
Vulcano rocks. For this reason, we refer to the values reported in
similar volcanic environments, according to which K generally does
not exceed 30 GPa (Rinaldi et al., 2010; Todesco et al., 2010; Currenti
and Napoli, 2017; Juncu et al., 2019), while K4 and f vary from ~10™"
to ~10 GPa and from 0.5 to 1, respectively. In order to satisfy this last
condition, we have chosen K in the range between 0.1 and 15 GPa.

For the spherical source, the inversion enabled to constrain the
source volume change AV = 1.07 x 10° m’, from which we can derive
the stress-free strain &g = AV's/V, using reasonable values of the source
radius. Using the end-member values of the elastic parameters and a
radius ranging from 500 to 700 m, which corresponds to a volume V',
between 5.2 x 10® and 1.4 x 10° m’, the pore-pressure change varies
approximately from 0.01 MPa to 6 MPa.

For the cylindrical source, the stress-free strain g, is not well
constrained. Solutions with larger & and lower source volumes
(Figure 7B) fit the observations as well (Supplementary Figure S8).
However, larger ¢, values correspond to unrealistic pore-pressure
changes. In addition, the optimal solution (Table 2) could require
large overpressure (0.3-80 MPa for lower and higher K values). A
compromise is found by selecting those solutions whose source
volume V. ranges between 5 x 10° and 9.5 x 10° m’. This solution
leads to an increasing attenuation of the deformation at the IVCR
station as the radius increases, causing similar radial displacements
at the IVCR and VCSP stations. As an example, Figure 9 shows the
displacements induced from a cylindrical source, with a radius of
400 m and a volume of 5 x 10° m’, which undergoes a volume
variation AV¢ of 1.25 x 10° m® and a pressure change from 0.02 to
7 MPa for lower and higher K, values, respectively.

5 Discussion and conclusion

The 2021 Vulcano crisis, as opposed to other past unrests in the
last 30 years (Chiodini et al., 1992; Capasso et al., 1999; Selva et al.,
2020), was marked by the occurrence of significant and persistent
ground deformations at the La Fossa Cone in concomitance with the
increases in both gas emissions from the soil and fumaroles
temperatures in different areas of the island. On the basis of past
activity (De Astis et al., 2013; Barbano et al., 2017; Selva et al., 2020),
this scenario alerted the scientific community resulting in the
definition of a hazard alert level corresponding to the occurrence
of a phreatic event. The pore-pressure buildup at shallow depth can
result in the triggering of phreatic explosions that represent one of
the greater hazards occurring in active volcanic systems hosting a
pervasive hydrothermal system, such as Vulcano Island (Kobayashi
et al., 2018; Narita et al., 2020).

In the case of Vulcano, the island represents only the summit
area of a larger volcanic edifice rising up from the seafloor. Indeed,
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Comparison between observed and computed deformation for the cylindrical source. (A) U, and U, components of the radial deformation in each
station; the red circle indicates the position of the source. (B) Radial deformation as a function of the radial distance of the stations from the deformation
source. (C) Vertical deformation as a function of the radial distance of the stations from the source. (D) Pressure variations at the source as a function of
the values of the elastic parameters. The computed deformations were calculated using the following parameters: xc = 496,517 m, y¢ =

4,250,787 m, d = =362 m, R = 400 m, h = 1,000 m, and &g = 2.5 x 10™*.

the local population lives close to the extensive hydrothermal area
that poses a significant threat. Therefore, it was essential to carefully
examine the origin of the observed deformation that was indicative
of a local over-pressurization of the system.

The continuous and stable radial expansion of the volcano edifice
continuing until mid-October 2021, affecting the stations closer to the
summit crater and rapidly decaying moving away, suggests a shallow
source. The shape of the horizontal and vertical displacements implies
the action of an isotropic strain source that could be linked to a spherical
overpressured magmatic body (Mogi solution) or to thermo-poro-
elastic strain changes. Although neither the data nor the results of
modeling allow distinguishing between them, it is reasonable to
hypothesize that deformation is generated by thermo-poro-elastic
effects rather than by a shallow magmatic accumulation or
intrusion. Moreover, considering the radial deformation pattern, we
can exclude the occurrence of a dyke intrusion that should have
fractured and displaced the rocks along its pathway toward the
ground surface and engendered a typical “butterfly” pattern
(Currenti et al,, 2008). Additionally, the lack of significant volcano-
tectonic (VT) seismic events and seismic swarms at shallow depths
(Federico et al., 2023), which usually accompany magmatic intrusions,
is a further indicator of no shallow magma migration. Indeed, the
majority of the seismic events recorded during the unrest were
dominated by a low-frequency content. These events, characterized
by a great variety of waveforms, were composed of two main frequency
bands from 0.1 to 0.2 Hz (VLP) and from 3 to 5 Hz (LP). The events
were located to the northeast of La Fossa Cone at a depth between
500 and 1,500 m b.s.l. in correspondence with the hydrothermal system.
Their location did not undergo variation in time, and they were
interpreted as the effect of the fluid pressurization within a series of
resonating fractures extending from the hydrothermal system to the
surface (Currenti et al., 2023; Federico et al., 2023). Finally, no evidence
of pre-existing shallow magmatic chambers that could have been
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replenished with fresh magma has been found from seismic
tomographies (Chiarabba et al, 2004), recent magneto-telluric
investigations (Isaia, personal communication), and geochemical
data analysis (Aiuppa et al., 2022). Therefore, we rule out a possible
involvement of shallow magma migration in driving the observed
displacement and hypothesize that it was generated by the thermo-
poro-elastic response of the rocks to the increase in hot fluid flow at
shallow depth originating from deeper magma degassing. Using the
derived thermo-poro-elastic displacement solutions, we verify whether
this hypothesis agrees with the amplitude and extent of the recorded
deformation.

Owing to the low number of observation points and, hence,
constraints for the inversion modeling, we preferred to explore
simple shaped geometry models with few parameters. The simple
geometries provide a straightforward mathematical description of
the displacement induced by pore-pressure and temperature changes
that could be easily combined in inversion procedures at a low
computational cost. Analytical and semi-analytical solutions have the
advantage of providing a first estimate of the deformation source
parameters. We have revised and derived solutions for the spherical
and cylindrical isotropic sources to interpret the Vulcano displacement
data. When the number of constraints is limited, surface displacement
modeling can lead to a non-unique description of the deformation
source and different combinations of parameters may fit the data as
well. While the spherical source is described by only four parameters,
linked to its position and volume change, which have all been well
constrained, the cylindrical source is described by six parameters.
Despite the low RMSE (approximately 3 mm), the increase in
parameters and the lack of additional information do not allow us
to better constrain them. Nonetheless, the inversion algorithm has well
constrained the position and the volume variation of both deformation
sources. Discrepancies between the computed and the observed
displacements were found for both models mostly at the VCSP,

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1179095

Stissi et al.

IVUG, and IVLT stations. The COMSOL solution, which is based on a
numerical FE model, showed that the topography effect cannot account
for these discrepancies that could be ascribed to small-scale structures,
medium heterogeneity, and non-symmetrical horizontal shape of the
source (Yunjun et al,, 2021). The crude simplification of the investigated
models (ie, simple geometries, constant strain changes within the
source, and homogeneous medium parameters) is challenging in
thermo-poro-elastic processes where the spatial distributions of
pore-pressure and temperature changes are generally more complex
than those described by simple spherical or cylindrical homogeneous
distributions. Usually, pore-pressure and temperature changes are very
sensitive to rock permeability, which strongly governs the fluid
circulation in hydrothermal systems (Stissi et al, 2021). The
presence of narrow permeable pathways (e.g., fractures and weak
zones) may locally perturb the fluid circulation and, hence, may
induce local pore-pressure or temperature changes. Discretizing the
deformation source into smaller sub-sources, each with different pore-
pressure and/or temperature values (Barbot, 2018; Nespoli et al., 2021),
may allow the introduction of pore-pressure distributions and/or
temperature changes that may better fit the data at the cost of
increasing the model complexity.

The spherical solution could be representative of a confined
region where local porosity and/or permeability of the porous
medium could hinder fluid propagation and, hence, increase the
local pore pressure. On the other hand, the long cylindrical source
(1 km height) could describe the pressurization of the narrow long
fluid pathway from depth toward the ground surface. Unfortunately,
due to the similar data fit of spherical and cylindrical geometries, it is
not possible to favor one solution over another. Moreover, we
observe a challenge in constraining the size of the cylindrical
source with implications in the estimates of strain changes and,
hence, in pore-pressure variations. The larger the size, the smaller
the strain variation and the pressure. Pressure estimates are also
hampered by the lack of accurate information about material
property values, which is then reflected in high ambiguity in
pore-pressure estimates. Nevertheless, modeling results for both
spherical and cylindrical geometries clearly point to a stress-free
volume change in the order of ~10° m’. Assuming reasonable values
for the source volume and material properties, pore-pressure
buildup may range between 0.01 and 7 MPa. The source is
located at a depth of approximately 800 m from the ground
surface that falls within the depth range (0-1.5km b.sl) of the
hydrothermal system hypothesized by previous studies (Chiodini
et al, 1992; Berrino, 2000; Alparone et al., 2010; Napoli and
Currenti, 2016; Ruch et al, 2016). The constant deformation
ratio among the stations also reveals that the overpressure source
is spatially stationary throughout the considered period. In addition,
the high spatial resolution DInSAR data (Guglielmino et al., 2022)
confirms that the extent of the deformed area, approximately
circular with a maximum displacement positioned in the
northern sector of the cone, did not change throughout the
unrest. Therefore, we can exclude the migration of the pressure
source toward shallower zones of the volcanic edifice. This is
supported by the lack of local and shallow ground inflation
patterns in the InSAR data gathered during the unrest time span
(Guglielmino et al., 2022).

The potential involvement of the hydrothermal system in the
past unrest phases of Vulcano Island has been already documented
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(Cannata et al., 20125 Selva et al., 2020). The fast deformation rate
and the concurrent increase in gas emission, characterizing the onset
of the 2021 unrest, are indicative of a disequilibrium between the
fluid input from the degassing of a deeper magmatic system (Aiuppa
et al, 2022) and the fluid release at the surface, engendering
inflation. In particular, we hypothesize that a growing fluid input
sustained both source inflation and gas discharge from September to
mid-October 2021. Therefore, in this period, hot fluids rose from the
deeper reservoir, injected into a shallower depth, and generated a
local overpressure, which produced the symmetric inflation pattern,
centered in the La Fossa crater. Although the deformation stopped
increasing in mid-October, gas emission still continued at a level
above the background. This is an indication of a change in the
response of the porous medium. Indeed, the interaction between
rocks and fluid could have modified the porous medium properties
by enhancing the permeability and, hence, favoring fluid release and
hampering further pressure increases. Moreover, we cannot exclude
a possible plastic response of the rocks.

To sum up, our deformation modeling results ruled out the
action of very shallow overpressurized zones that could have
that the
development of thermo-poro-elastic models may help interpret

triggered a phreatic eruption. We demonstrate
ground displacement that provides hints on the evolution of the
hydrothermal activity during volcanic crises and aids in volcano

hazard assessment.
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