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Abstract
We present a 3D numerical model based on FEM (Finite Element Method) to jointly evaluate

geophysical changes caused by dislocation and overpressure sources in volcanic areas. A coupled
numerical problem was solved to estimate ground deformation, gravity and magnetic changes
produced by stress redistribution accompanying magma migration within the volcano edifice. We
successfully applied the integrated numerical procedure to image the magmatic intrusion occurring
in the northern flank of Etna during the onset of the 2008 eruption. A multi-layered crustal structure
of the volcano constrained by geological models and geophysical data was considered. Geodetic
and gravity data provide information on the strain field, while piezomagnetic changes give
constraints on the stress field. Therefore, the integrated modeling gives insights on Mt Etna
rheology and dike overpressure involved in the magma propagation and improves understanding
of dike emplacement in the northern sector of the volcano. Our FEM-based approach improves the
reliability of model-based inference of geophysical parameters obtained during monitoring of the

onset of Etna lateral intrusions that can prelude to an impending eruption.

Key words: Numerical method, geophysical modeling, Etna volcano, magmatic intrusion.

1. Introduction

Magma migration inside a volcano edifice generates a wide variety of geophysical signals, which
can be observed before and during eruptive processes. In particular, ground deformation, gravity
and magnetic changes in volcanic areas are generally recognized as reliable indicators of unrest,
resulting from the intrusion of fresh magma within the shallow rock layers. Continuous
measurements of these geophysical signals are useful for imaging the spatio-temporal evolution of
propagating dikes, and revealing quantitative information about the dike geometry and its
overpressure (Segall et al., 2001; Furuya et al., 2003; Ebinger et al., 2010; Del Negro et al., 2004).
These geophysical signals are generally interpreted separately from each other and the
consistency of interpretations from these different methods is qualitatively checked only a

posteriori. An integrated approach based on different geophysical data should prove a more
1
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efficient and accurate procedure for inferring magmatic intrusions and minimizing interpretation
ambiguities.

Volcano monitoring at Mt Etna has reached a high quality level, and advanced monitoring networks
enabled collecting multi-disciplinary data during the frequent eruptions in recent years. Particularly,
geodetic, gravity and magnetic investigations have played an increasingly important role in
studying the eruptive processes (Napoli et al., 2008; Bonforte et al., 2008; Carbone et al., 2007,
Del Negro et al., 2004). The comparison between these observations and geophysical models
allowed inferences about volcanic source parameters and detailed descriptions of magma
migration, but limited efforts have been made for effective integration of these different data.
Ground deformation, gravity and magnetic variations due to volcanic sources have been modeled
separately using analytical solutions, based on simple homogeneous elastic half-space models
(Bonaccorso and Davis, 2004; Carbone et al 2007; Del Negro and Currenti, 2003; Del Negro et al
2004). However, as indicated by geological evidences and seismic tomography (Chiarabba et al.,
2000; Tibaldi and Groppelli, 2002), Etna volcano is elastically inhomogeneous and rigidity layering
and heterogeneities are likely to affect the magnitude and pattern of observed signals (Currenti et
al., 2007; 2009).

To overcome these intrinsic limitations and provide more realistic models, which allow considering
topographic effects as well as heterogeneous distribution of medium properties, we developed a
numerical procedure based on Finite Element Method (FEM). This procedure allows joint
evaluation of geophysical changes caused by dislocation and overpressure sources in a 3D
formulation. The 2008-2009 Etna eruption offers an exemplary case study to validate the capability
of the proposed integrated approach for imaging the intrusive process occurring in the northern
flank of the volcano (Napoli et al., 2008; Aloisi et al., 2009). We review the previous analytical
model obtained by Napoli et al. (2008) by constructing a 3D numerical model to consider the
magneto-elastic heterogeneities and the real topography of the volcano. Numerical solutions for
deformation, gravity and magnetic fields are obtained by modeling the source intrusion as an
extension fracture driven by a magmatic overpressure, which is a realistic representation of an
intrusive dike. Combined deformation, gravity, and magnetic investigations provide insights on Mt
Etna rheology and dike overpressure involved during magma propagation, which are found to be

within a range of values in agreement with rock strength data measured in the laboratory.

2. The 2008-2009 Etna eruption

The onset of the 2008-2009 eruptive activity was accompanied by a superficial seismic swarm
taking place in a NNW-SSE elongated area at the eastern base of Mt Etna summit craters. On 13"

May 2008, epicenters time patterns evidenced an almost stationary distribution in the upper flanks
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of the Valle del Bove until 9:30 GMT, then a clear migration of the seismic events occurred toward
the top of the North-East Rift, suggesting a northward propagation of a magmatic intrusion.
Earthquakes were accompanied by a gradual and intense increase in the intensity of volcanic
tremor (Di Grazia et al., 2009). The volcanic activity was characterized by the opening of a fracture
field on the northern flank of the volcano (Fig. 1), and an E-W eruptive fissure in the upper sides of
the Valle del Bove (Napoli et al., 2008; Aloisi et al., 2009). Remarkable changes in the local
magnetic field were observed in coincidence with the seismic swarm onset. No significant
variations were observed before 13" May, while large negative changes in local magnetic field (the
amplitude ranges between -1.8 and -6.5 nT) occurred at the stations placed on the northern flank
of the volcano within a few hours coinciding with the quick epicentral migration of the seismic
events from Valle del Bove toward the North-East Rift (Napoli et al., 2008). Discrete gravity
measurements were carried out at 19 benchmarks along a profile that lies between 500 and 2200
m a.s.|. of altitude on the north-eastern flank of the volcano. Measurements gathered on 14™ May
2008 were referenced to the gravity survey performed on 5" May, but no significant variations were
observed (Budetta et al., 2008).

Remarkable ground deformation was recorded by permanent tilt and GPS networks. Changes
started first in the summit area where the largest variations (about 100 urad) were detected, and
successively were observed in the middle flanks of the volcano but with much smaller amplitudes.
The summit stations of the continuously recording GPS network detected horizontal displacements
of a few tens of centimetres. Smaller variations of a few centimetres were detected at the other
stations. The deformation pattern was radial with respect to the summit area (Aloisi et al., 2009).
Preliminary analytical solutions were used to model the geophysical observations and infer the
intrusion source parameters. Magnetic data inversion indicated the response to a tensile
mechanism with an intrusion crossing the volcano edifice along a ca. NNW-SSE direction in the
northern flank attributable to piezomagnetic effects. The estimated intrusive dike, located within the
zone of the seismic swarm that occurred during magma propagation, engenders a deformation
pattern that well fits also the ground deformation recorded by the continuous GPS network
operating on Mt Etna. Gravity changes expected from the same intrusive dyke are below data
uncertainty at the gravity benchmarks confirming a lack of significant variations in the investigated
area (Napoli et al., 2008). Also geodetic data inversion evidenced a shallow intrusion propagating
laterally to the NNW direction from the central conduit (Aloisi et al., 2009). In contrast, the E-W
eruptive fissure in the Valle del Bove could have given only minor contribution to stress and strain
changes probably because of the highly fractured and compliant rocks of this area. Indeed, magma
intruded toward the Valle del Bove without any seismic events and lava effused almost passively
(Napoli et al., 2008; Aloisi et al., 2009).

Even if the analytical models provided an acceptable representation of the magma intrusion, they

do not explain the observed geophysical variations in details because a simple elastic half-space
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assumption was used. Therefore, we developed a 3D numerical procedure based on FEM
including the real topography of the Etna and the magneto-elastic heterogeneity to jointly evaluate
ground deformation, magnetic and gravity changes caused by the magma intrusion.

3. Ground deformation, magnetic and gravity solutions

Magma ascent to the Earth’s surface forces surrounding crustal rocks apart and this perturbs
stress and displacement fields, commonly producing variations in the magnetization of rocks and
modifications in the density distribution.

The variations in the magnetization of rocks induced by stress redistribution produce a local
magnetic field of about few nanoteslas, known as piezomagnetic field (Nagata, 1970; Pozzi, 1977).
Piezomagnetic changes are calculated by combining the Cauchy—Navier equation for elastic
equilibrium and the Poisson’s equation for the magnetic potential (Sasai 1986; Sasai, 1991; Utsugi
et al. 2000). The change AJ in rock magnetization J at an arbitrary point, associated with

mechanical stress o, can be expressed as follows:

AJd =§,HT-J
2
1
Ty=0y _§§k|® (1)

®O=0, +to,, +0,
where [ is the stress sensitivity, o,, are the components of the stress tensor, J,, is the

Kronecker delta. The piezomagnetic change depends on the deviatoric stress tensor T, that is
: . : , 1 .
obtained from the stress tensor o subtracting the isotropic stress §5k,® . Using Hooke’s law, the

components of stress tensor can be expressed in terms of the displacement vector as:

ou, ou
le :ié‘HV'U‘Fﬂ(a—Xk‘FaTIJ (2)
I k

where A and u are the Lamé’s constants and u is the displacement field. Substituting Eg. (2) in
Eq. (1) we obtain the stress induced magnetization expressed by displacement components (AJ,,

is the I-th component of the incremental magnetization produced by the k-th component of the

initial magnetization):

3( au ou
A, =] [l Sl B A VART 3
I kﬂﬂ[z(axl anJ I :| (3
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For magnetostatic problems, where no currents are present, the problem can be solved using a
scalar piezomagnetic potential Wy, related to piezomagnetic field H, which satisfies the
magnetostatic Poisson equation:

VW, =-V-H=V-AJ, (4)

Magma migration is also accompanied by density redistribution in the medium that can engender
significant variations in the gravity field ranging in amplitude between a few uGal and several
hundred pGal with a spectrum varying from 1 second to more than 1 year (Hinderer and Crossley,
2000; Greco et al.,, 2008). The gravity change &g, related to the density redistribution, can be
calculated by solving the following Poisson’s differential equation for the gravitational potential ¢,
(Cai & Wang 2005):

Vg, =—4nGAp(X, Y, 2) (5)

where G denotes the universal gravitational constant and Ap(x, Yy, z) is the change in the density

distribution. Generally, the total gravity change at a benchmark on the ground surface is given by:

0
@(va’z):_%_'_é‘go (6)

where 89, represents the “free air” gravity change accompanying the uplift of the observation site.

The “free air” gravity change, in first approximation, is given by:
&y =—yoh 7)

where v is the free-air gravity gradient (generally y =308.6 uGal/m) and ¢oh the elevation change.

The density variations related to the subsurface mass redistribution can be accounted for by three

main terms:
Ap(X,Y,2) =P —U-Vp, = pV-U (8)
where p, is the embedding medium density and Jp; is the density change due to the input of

intrusive mass from remote distance. The first term originates from the density change related to
the introduction of the new mass into the displaced volume. The second term is due to the
displacement of density boundaries in heterogeneous media, and the third term is the contribution
due to the volume change arising from compressibility of the surrounding medium (Bonafede &
Mazzanti 1998). Each term in the density variation contributes to the total gravity change observed

at the ground surface. Therefore, the gravity changes are made up by four different contributions:
&) = &y + &+, + Yy ©
where 891, 69, and dg; arise from the three terms in Eq. 8. The g, and 3g; terms highlight that the
computation of the displacement field at depth is required in order to evaluate these gravity
contributions. This means that changes in the gravity field cannot be interpreted only in terms of
5
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additional mass input, disregarding the deformations of the surrounding rocks (Bonafede and
Mazzanti 1998; Currenti et al., 2007; Charco et al., 2009). Since gravity and piezomagnetic
changes are strictly related to stress and deformation fields, ground deformation, magnetic and
gravity changes produced by volcanic sources need to be jointly modeled (Sasai, 1991; Okubo and
Oshiman 2004; Hagiwara, 1977).

We developed a coupled numerical model using the Finite Element Method (FEM) to compute the
deformation, gravity and magnetic changes caused by dislocation and pressure sources. The FEM
is suitable to easily solve the model equations and to account for topography and medium
heterogeneity, which can alter the estimate of the investigated geophysical changes. We solve the
model equations in three steps. Using the commercial software COMSOL Multiphysics (2008) we
numerically solve: (i) the elastostatic problem for the elastic deformation field and its derivatives, (ii)
the coupled Poisson’s problem for gravity field (Currenti et al., 2007), (iii) the coupled Poisson’s

problem for piezomagnetic potential field (Currenti et al., 2009).

4. Numerical model of the 2008 magmatic intrusion at Etna

The numerical procedure was applied to model the 2008 magmatic intrusion occurring along the
north flank of Mt Etna during the initial phase of the eruption. A fully three-dimensional elastic finite
element model of Mt Etna was designed to evaluate the ground deformation, magnetic and gravity

changes.

4.1 Numerical model of Etna

A computational domain with a length, breadth and width of 100x100x50 km? is considered for the
deformation field calculations. The 3D topography of Mt Etna, which is rather asymmetric with a
prominent mass deficit in correspondence of Valle del Bove, was taken into account using a digital
elevation model from the 90 m Shuttle Radar Topography Mission (SRTM) data and a bathymetry
model from the GEBCO database (http://www.gebco.net/). The computational domain was meshed
into 215,009 isoparametric, and arbitrarily distorted tetrahedral elements connected by 38,007
nodes. Lagrange cubic shape functions are used in the computations, since the use of lower order
elements worsens the accuracy of stress field solutions. Zero displacements are assigned at the
bottom and the lateral boundaries of the domain, while the upper boundary representing the
ground surface is stress free. The intrusion source is simulated as a discontinuity surface by
introducing the mesh nodes in pairs along the surface rupture.

In order to solve the Poisson's equations (Egs. 4 and 5), the potential or its normal derivatives are
assigned at the boundaries of the domain (Dirichlet or Neumann boundary conditions,

respectively), which is extended along the z direction to 50 km to finally obtain a 100x100x100 km?®
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computational domain for guaranteeing continuity of the gravity and magnetic potential on the
ground surface. Along the external boundaries, zero gravity potential is specified using Dirichlet
boundary conditions, while the magnetic field is assumed to be tangential by assigning a Neumann
condition on the magnetic potential. The magnetic problem is made unique by setting the potential
to zero at an arbitrary point on the external boundary.

Heterogeneous distribution of magneto-elastic properties is included in the model. Considering the
tomographic image of Etna plumbing system obtained by Chiarabba et al. (2000) and the
geological models by Tibaldi and Groppelli (2002), we evaluate a three-layered half-space
structure. For the first layer, that extends from ground surface to 1 km asl, we assume a value of
Young modulus of 17 GPa, reproducing the low rigidity of the rocks in the volcano edifice. For the
second layer, from 1 km asl to 4 km bsl, we assume a value of 40 GPa that represents the rigidity
of a sublayer with different properties. Finally, the third layer, which extends from 4 km bsl to the
bottom of the domain, is supposed with a higher rigidity with value of 80 GPa. The Poisson’s ratio
is assumed homogeneous in the entire domain and has a value of 0.25. We do not include
heterogeneity in the rock density properties since density models available at Etna have low
resolution and accuracy (Corsaro and Pompilio, 2004; Schiavone and Loddo, 2007), especially at
shallow depth where the intrusion occurred. To estimate the gravity changes, we hypothesize a
medium with homogeneous density p.=2500 kg/m>. Heterogeneous distribution of initial
magnetization is also used in the piezomagnetic model. We assume a value of the initial
magnetization free from stress J,=8 A/m from ground surface to 1 km asl, reproducing the
magnetization of the rocks in the volcano edifice (Currenti et al., 2009). The second layer starts
with a initial magnetization value of J,=5 A/m that decreases in depth with the geothermal gradient
until reaching the depth of the Curie isotherm (Tc ~550°C for Etna’s rocks) at about 18 km
(Currenti et al., 2009).

4.2 Numerical results

The preliminary numerical solution (model A) was obtained using the source geometry obtained by
the analytical inversion model by Napoli et al. (2008). In this way we can appreciate how the
heterogeneous distribution of magneto-elastic parameters in the medium and the topography make
the numerical results differ from the simple analytical solutions from a homogeneous half-space
model having an elastic rigidity p = 30 GPa, Poisson ratio v = 0.25 and density p = 2500 kg/m®. It is
worth noting that we do not invert either the geodetic data or the magnetic and gravity data, but we
assume the intrusion source to estimate the expected geophysical changes. A dislocation model
was simulated assigning an opening of 2 m along the discontinuity surface striking N 20° W,
dipping 80° E, with a length of 2.5 km, width 2 km, representing the magma intrusion.

Numerical results compared to analytical solutions reveal slight differences in pattern and intensity

of the deformation field at the summit GPS stations (Figs. 2a and 2b). However, stations located at
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lower altitude show a higher misfit with respect to the half-space homogeneous model. At mid-flank
stations, where the role of topography is clearly very important, the horizontal deformation
decreases and the match with the observations improves. In contrast, the piezomagnetic field
changes show significant deviations from the homogeneous half-space solution. Significant
discrepancies are observed at most of the magnetic stations (Fig. 3). The symmetry of total
magnetic intensity observed in the analytical model is lost in the numerical result (Fig. 2b). The
shape of the piezomagnetic field is strongly modified in the eastern sector of the volcano in
correspondence with the rugged topography. The piezomagnetic field is wider and more intense
than the analytical one in the northern flank, and significant discrepancies, up to 5 nT, between the
numerical and analytical models are observed at the magnetic stations (Fig. 3). In particular, the
highest discrepancies are observed at BVD and PDN stations. In the numerical model the
amplitude of the piezomagnetic field increases at BVD and PDN stations, while it decreases at
BCN. Therefore, a higher misfit with respect to the magnetic observations is obtained in the
numerical model A. Each contribution to the gravity field (see Eqg. 9) was investigated separately
using both the analytical (Okubo, 1992) and numerical solutions to understand their own effects
(Figs. 4 and 5). Numerical solutions (Figs. 5), as well as the analytical ones (Figs. 4), show
significant variations only in proximity of the magmatic intrusion, where, unfortunately, no data are
available. The predominant contribution is the 8g, term, originating from the displacement of
density boundaries at the ground surface (Figs. 4b and 5b). Even if a magmatic source with a
density contrast of Ap=200 kg/m? is assumed, the 8g; contribution (Figs. 4a and 5a) related to the
mass intrusion attains an amplitude less than 10 pGal. This contribution is comparable with 59
(Figs. 4c and 5c) produced by dilation/contraction of the medium arising from finite compressibility
of the material. In the analytical solution the &gs is about double than in the numerical model A,
where rocks maybe do not contract as much as in the half-space domain because of the less
constraining steep topography. The total gravity change (Figs. 4d and 5d) reaches a maximum
amplitude of about 70 and 60 pGal for both the analytical and the numerical model A, respectively.
Discrepancies between analytical and numerical solutions are negligible as regards the field
intensity, while notable changes in the pattern are observed. The gravity change, indeed, is wider
and is strongly modified mainly in the summit area and in the eastern flank of Etna. The gravity
field extends about 3-4 km from the magma intrusion and does not show significant changes at the
gravity benchmarks, where in agreement with the models no gravity variations were recorded.

The values of chi-square for deformation components and magnetic changes are calculated to
guantify the fit with the observed geophysical changes (Table 1). The estimated measurement
errors are 0.2 nT for the magnetic changes and 0.005 m and 0.05 m for the horizontal and vertical
deformation, respectively (Napoli et al., 2008; Aloisi et al., 2009). To enhance the match between
the data and the numerical solutions including topography and medium heterogeneity, we changed

some source parameters. In particular, we reduced the width of the dike until numerical solutions
8
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better fit the observed geophysical changes. In Fig. 6 the calculated deformation, magnetic and
gravity fields are reported for the intrusive source with a width of 1 km (model B). The match
between the observed and the computed magnetic changes is improved at most stations (Fig. 3).
In particular, the computed piezomagnetic fields at BVD and PDN decrease in amplitude fitting
better the magnetic observations. No significant differences are obtained at BCN. Also the ground
deformation is slightly changed, even if the fit to the observed deformation is still acceptable (Table
). Indeed, magnetic field seems to be more sensitive to the change in source width.

Although these dislocation models are able to constrain the position and the geometry of the
source, a constant-displacement discontinuity, in general, is not the most realistic description of a
magma intrusion. An extension fracture is expected to result from magma overpressure on the dike
surface and its opening is indeed found as part of the solution (Bonafede and Rivalta, 1999).
Therefore, we performed new simulations where the source intrusion was represented by a mode |
crack driven by a magmatic overpressure prescribed by constant-pressure boundary conditions
(Gudmundson, 2008). We used the source geometry as in the numerical model B. We examine
the values of the driving pressure, which fits the observed piezomagnetic changes and ground
deformation. A preliminary estimate of the driving pressure AP can be given by (Pollard and Segall,
1987):

_2E<Au, >
AW (-v)

where <Au,> is the average opening of a 2D crack having a width W embedded in a homogeneous

AP (10)

medium with a Young modulus E. This 2D approximation does not account for free surface effects,
and for the finite along strike dimension of the dike (Segall et al., 2001). In the crack model the
estimate of the pressure change from ground deformation is directly related to the Young modulus.
A decrease of the Young modulus requires a decrease of the driving pressure to achieve
comparable deformation. On the contrary, when the pressure at the source wall is assigned, the
piezomagnetic changes are not affected by variations in the rigidity of the host rocks but only in the
initial magnetization (Currenti et al., 2009). Therefore, they can directly provide an estimate about
the pressure change, if values of initial magnetization are known. Better resolution of the driving
pressure is, therefore, related to the definition and accuracy of the magnetic and elastic medium
parameters. Since the former are poorly known, it is advisable to consider values of the medium
properties within reasonable ranges. Magnetic properties of volcanic rocks cropping out in the Etna
volcano have rarely been measured; however, the few laboratory measurements carried out on
recent and historic lava flows show values of remanent magnetization up to 9 A/m (Pozzi, 1977,
Tanguy, 1975; Del Negro and Napoli, 2002). The numerical simulations of the piezomagnetic field
reveal that, for an initial magnetization ranging between 7 and 9 A/m in the first layer, the related
driving pressure varies from 15 to 12 MPa in order to fit the observed magnetic changes (Table I).

A lower overpressure would have required unreasonably high values of initial magnetization to
9
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obtain comparable piezomagnetic changes. Moreover, the range of overpressure values obtained
from piezomagnetic evidence cannot provide the large observed deformations. Assuming an
average magnetization of 8 A/m and a related overpressure of 13 MPa (model C), the match with
the magnetic observation is improved (Fig. 3), whereas the fit with ground deformation worsens
(Table 1). Indeed, the dike surface reaches a maximum opening of about 1.4 m, which is lower than
the 2 m expected from the dislocation model B. Therefore, a softer medium around the intrusion
should be considered to enhance the deformation field. A better match is provided using a Young
modulus of 10 GPa (model D), which leads to a maximum opening at the center of the dike of
about 2.4 m (Fig. 7). The assumption of a softer medium surrounding the intrusion in model D
enhances the deformation with respect to model C, while the overpressure condition within the
source provides approximately the same stress, thus maintaining the observed magnetic changes
within the range of model C (Table I). The normal displacement along the dike surface is not
uniform and shows an oval shape, as expected for a crack model (Fig. 7). The opening is greater
on the east side of the dike with respect to the west, probably due to the mass deficit in the East

sector in correspondence of the Valle del Bove depression.

5. Discussion and Conclusion

An integrated 3D model based on Finite Element Method (FEM) was developed and applied to
review the 2008 magma intrusion detected at Mt Etha by magnetic data. The intrusive source
obtained using the analytical model from magnetic data inversion by Napoli et al. (2008) was firstly
used to guide parameter choices for the numerical model. Discrepancies between the analytical
and the numerical model A are observed at the GPS stations located on the flanks of the volcano,
since the intrusion is rather shallow and the altitude of the stations is lower than the intrusion top.
Topography also significantly alters the general pattern of both piezomagnetic and gravity changes
especially in proximity of steep cliffs of the summit area and of the eastern flank of Etna where the
volcano edifice is rather asymmetric because of the depression of the Valle del Bove. The
differences between the numerical and analytical gravity changes are less than 10 pGal, which are
below the measurements accuracy. Although changes in the gravity field are generally interpreted
only in terms of additional mass input, our numerical results show that for a shallow magmatic
intrusion the main contribution arises from the displacement of density boundaries. Moreover, the
gravity changes highlight a butterfly pattern that is strongly different from the expected concentric
pattern coming from the contribution of a mass input alone. Higher discrepancies between the
numerical and analytical solutions are obtained in the intensity of the piezomagnetic field because
of the stress concentration near rugged topography. While the topography is known with higher

resolution and accuracy, the simple layered model is an over-simplification of the variation of the
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magneto-elastic parameters in the Etna subsurface. This assumption is due to the poor knowledge
of magneto-elastic properties of Etna volcano. Moreover, the solutions could be strongly altered in
presence of a more complex heterogeneity as revealed by comparison of different numerical
models carried out by Currenti et al. (2009).

The source size was modified in the numerical model B to obtain a better match between the
observed and the computed geophysical variations at most stations. The numerical solution
suggested an intrusive source with a reduced width in agreement with the shallow depth of
departure of magma intrusion from the central conduit deduced by Aloisi et al. (2009).

The 2008 intrusion toward the northern flank was arrested in the summit area without downslope
propagation and lava emission occurred only along the E-W eruptive fissure in the upper side of
the Valle del Bove. Magma arrest depends strongly on the local stress in the different layers
constituting the volcano edifice. The local stress is primarily determined by the loading conditions
(tectonic stress, magmatic pressure, or displacement) and the elastic properties of the layers.
Local discontinuities characterizing the rift zone may cause the arrest of magma at shallow crustal
depths (Maccaferri et al., 2010). It is worth noting that magma intrusion propagates at a shallow
depth, where the presence of very fractured and compliant rocks could have favored magma
propagation through the medium. Considering that the overpressure of magma with respect to the
horizontal stress in the host rock can play a key role for dike opening and propagation (Bonafede
and Rivalta, 1999), it is essential to estimate the value or the range of values of driving pressure
responsible for the intrusive process. In our numerical model the intrusion process was described
in terms of pressure change, and the magma intrusion was modeled as a tensile crack. When the
source is assigned in terms of the internal overpressure, the stress changes in the surrounding
medium are better constrained than employing a dislocation source. Since the piezomagnetic
effect depends directly on the deviatoric stress, it provides direct constraints on the internal
overpressure of the intrusion. In this case, the piezomagnetic changes are slightly influenced by
the elastic heterogeneity (Currenti et al., 2009) and they are nothing but a kind of stress
measurement. Taking advantage of the observed piezomagnetic changes and assuming an initial
magnetization of 8 A/m, which is an average reasonable value for Etnean rocks of the first layer
where magma intruded, a driving pressure of 13 MPa and a Young modulus of 10 GPa were
estimated (model D). The elastic model seems unable to reproduce the observed deformation,
unless lower effective rigidity modulus (60% of the Young modulus assumed for the top layer) is
considered. The effective rigidity concept is physically motivated by the hot, highly fractured and
deformed shallow rocks surrounding the intrusion. The assumed elastic rheology may not be
appropriated in proximity of the source where the medium behavior is better described using
anelastic rheologies, such as viscoelastic and elastoplastic (Davis et al., 1979; Currenti et al.,
2010; Jellinek et al., 2004). It is reasonable to expect that effectively viscous deformation of wall

rocks, heated to well above the normal geotherm in proximity of magmatic sources, will influence
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the dynamics governing the formation of dikes (Jellinek and DePaolo, 2003; Del Negro et al.,
2009). Non-linear rock behavior is consistent with laboratory tests carried out on Etnean rock
samples (Rocchi et al., 2004) that revealed an average tensile strength of about 10 MPa and can
justify the wide fracture field produced in the northern flank of Etna during the magma propagation.
Temporal evolution of magnetic changes, that started simultaneously at all stations and showed a
fast decrease in the variations rate just an hour after the beginning of intrusion process (Napoli et
al., 2008), highlighted an abrupt decrease of the driving pressure. This was plausibly caused by the
simultaneous magma withdrawal from near effusive activity occurring in the Valle del Bove, and it
can be considered as the main reason of the magma arrest.

The numerical model D also revealed a non-homogeneous distribution of the displacement
produced by intrusion. Particularly, the smallest displacement is observed along the upper west
side of the dike where it is well confined by the volcano edifice, while to the east the mass deficit of
the Valle del Bove better accommodated the stress field generated by magma intrusion.

On the basis of the results reported in Table I, model D gets better agreement with respect to
model C but it is still worse than model B, which seems to provide the best overall fit. However, the
integration of laboratory measurements of rock strength and magnetization with the numerical
results indicates that better grounded physically models, such as models C and D, are to be
explored in the future to improve the data-fit and better constrain the source location and geometry.
The application of 3D FEM model allowed for more accurate interpretations and inferences in
modeling-based assessments of geophysical changes associated with volcanic activity. Since the
numerical solution is influenced by the medium properties, a better knowledge of density and
magnetization distribution inside the volcanic edifice is essential for improvement of integrated
numerical models that may discriminate the main factors influencing the energetic levels involved
in the opening and propagation of dikes. This information could provide a better knowledge of the
dike intrusion processes and the rheological properties of rocks in the near field of emplaced dikes.
That contributes to a more accurate evaluation of the hazard associated with the onset of Etna
lateral eruptions, which are usually supplied by magma through fractures opened by magmatic

overpressure.
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Table

Analytic Model Model A Model B Model C Model D

Magnetic 255 766 150 140 140
Horizontal deformation 426 396 405 1650 557
Vertical deformation 609 487 350 1200 423

Table | - Chi-square values of deformation and magnetic changes for the analytical and the

numerical models.
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Figure 1 — Schematic map of the Etha summit area covered by the lava flows of the 2008
eruption. Locations of magnetic, gravity and GPS stations are also shown. Inset shows the position
of the CSR magnetic reference station.

Figure 2 — Comparison between analytical solutions (a) and numerical results of model A (b) for
the 2008 intrusive source from Napoli et al. [2008]. Piezomagnetic change (contour lines at 2 nT)
generated by the intrusive dike (black line). Observed (blue arrows) and computed (red arrows)
deformation at the permanent GPS stations are also reported. The recorded magnetic changes are

reported in the inset.

Figure 3 — Comparison between measured and computed magnetic changes for the analytical and

numerical models.

Figure 4 - Gravity contributions generated by the intrusive source using the analytical solution.
Contour intervals are 1 pGal for 8g; (a), 10 pGal for 6g, (b), 2 pGal for 6gs (c) and 10 pGal for the
total gravity change (d). Black circles represent the gravity stations of the monitoring network at Mt.
Etna.

Figure 5 — Gravity contributions generated by the intrusive source using the numerical model A.
Contour intervals are 1 pGal for 89, (a), 10 pGal for 8g, (b), 2 pGal for 8gs (c) and 10 pGal for the
total gravity change (d). Black circles represent the stations of the gravity monitoring network at Mt.
Etna.

Figure 6 — Piezomagnetic changes, ground deformation (a), and gravity changes (b) caused by
the magmatic intrusion in model B. Observed (blue arrows) and computed (red arrows)
deformation at the permanent GPS stations are also reported. Contour intervals are 2 nT for the

piezomagnetic changes (a) and 10 pGal for gravity changes (b).

Figure 7 — Normal displacement to the dike wall in the numerical model D. The dilation profile

(opening exaggerated by a factor 300) for an overpressure of 13 MPa is also reported (black line).
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Figure 1 — Schematic map of the Etna summit area covered by the lava flows of the 2008

eruption. Locations of magnetic, gravity and GPS stations are also shown. Inset shows the position
of the CSR magnetic reference station.
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Figure 2 — Comparison between analytical solutions (a) and numerical results of model A (b) for
the 2008 intrusive source from Napoli et al. [2008]. Piezomagnetic change (contour lines at 2 nT)
generated by the intrusive dike (black line). Observed (blue arrows) and computed (red arrows)
deformation at the permanent GPS stations are also reported. The recorded magnetic changes are

reported in the inset.
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Figure 4 - Gravity contributions generated by the intrusive source using the analytical solution.
Contour intervals are 1 pGal for 89, (a), 10 pGal for 8g, (b), 2 pGal for 8gs (c) and 10 pGal for the
total gravity change (d). Black circles represent the gravity stations of the monitoring network at Mt.

Etna.
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Figure 5 — Gravity contributions generated by the intrusive source using the numerical model A.

Contour intervals are 1 pGal for 89, (a), 10 pGal for 8g, (b), 2 pGal for 893 (c) and 10 pGal for the
total gravity change (d). Black circles represent the stations of the gravity monitoring network at Mt.

Etna.
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Figure 6 — Piezomagnetic changes, ground deformation (a), and gravity changes (b) caused by
the magmatic intrusion in model B. Observed (blue arrows) and computed (red arrows)

deformation at the permanent GPS stations are also reported. Contour intervals are 2 nT for the

piezomagnetic changes (a) and 10 uGal for gravity changes (b).
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Figure 7 — Normal displacement to the dike wall in the numerical model D. The dilation profile

(opening exaggerated by a factor 300) for an overpressure of 13 MPa is also reported (black line).
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