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Abstract. We simulate the deformation of Somma-Vesuvius
volcano due to some overpressure sources by means of a fi-
nite element 3D code. The main goal of these simulations is
to investigate the influence of topography and structural het-
erogeneity on ground deformation. In our model the sources
of deformation are embedded in an elastic linear isotropic
medium and located at various depths. Geometry (shape and
lateral extension) of the sources is mainly constrained by the
results coming from recent seismic tomography studies. The
structural heterogeneity has been modelled in terms of dy-
namic elastic parameters (Young’s modulus) retrieved from
previous seismic tomography and gravity studies. A high-
resolution digital terrain model is used for the topography
of the volcano subaerial edifice. Evidences from our results
suggest that real topography and structural heterogeneities
are key factors governing the ground deformation, which of-
ten turns being one of the most relevant problems in volcano
monitoring. A large deviation from the axially symmetrical
model of the displacement field is the main result of our mod-
elling. Such an asymmetry is routinely unaccounted for when
Mogi’s simplistic modelling in a homogeneous medium with
simplified topography is used. Our study clearly demonstrate
that a better knowledge of deformation patterns can signifi-
cantly help in the location of monitoring sensors as well as
in the design of an efficient geodetic network.

1 Introduction

The volcanic complex of Somma-Vesuvius is a stratovolcano
located in the Campania Plain. It consists of an older edi-
fice, partly dismantled by a caldera process, Mount Somma
and a younger one, Mount Vesuvius, that is located within
the caldera of Mount Somma, formed about 18 000 year BP
(Landi et al., 1999). It has a rim (maximum altitude 1131 m
a.s.l.) well preserved in the northern sector. Instead, Mount
Vesuvius is almost symmetrical cone, with maximum alti-
tude of 1281 ma.s.l. It was formed by means the accumula-
tion of ash, scoria and lava flows, given off mainly from the
central vent.

Somma-Vesuvius is known worldwide for the devastat-
ing Plinian eruption (79 AD) that destroyed Herculaneum
and Pompeii. In 472 AD, a subplinian eruption occurred,
followed by a persistent activity of about 700 years (Mas-
trolorenzo et al., 2002; Rolandi et al., 2004). From the 12th
century to 1631 there was a period of low activity, which
ended with a subplinian eruption. It was followed, until 1944,
by a period characterized by medium and small-size erup-
tions. Since the last eruption in 1944, the Somma-Vesuvius
volcano is in a quiescent phase. It has an activity consisting
of hundreds of low energy earthquakes per year (Bianco et
al., 1998; De Natale et al., 1998, 2004), generally character-
ized by earthquake swarms (Bianco et al., 1999), fumarolic
activity at the summit crater (Chiodini et al., 2001) and subsi-
dence (Tammaro et al., 2013; Pingue et al., 2013). The largest
earthquake (MD = 3.6) was recorded on October 1999 (Del
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Pezzo et al., 2004; De Natale et al., 2004; Galluzzo et al.,
2004; Cubellis et al., 2007).

Among the various geophysical parameters monitored, the
ground deformations play an important role, because they
contribute to the unrest assessment of eruptive activity in
medium-term (Dvorak and Dzurisin, 1997; Dzurisin, 2000;
2003). The hypothesis of a shallow magma chamber, coaxial
with the crater axis, and the hypothesis that Mogi’s model
(Mogi, 1958) adequately described the ground deformation
field, influenced the design of the geodetic networks. In fact,
in 1972 a leveling network was built to control the medium-
high altitude (from 600 to 1200 m) of the Gran Cono. In
1975, the EDM (Electronic Distance Measurement) network
was built with four vertices on the crater. With the progress
of scientific knowledge in the physics of volcanism, this ap-
proach has been gradually abandoned. For a long time now,
the continuous monitoring networks, such as GNSS network,
have covered the entire volcanic apparatus, aimed to have in-
formation on a deformation field that includes areas also out-
side the volcano.

Moreover, the continuous geodetic monitoring networks
also guarantee timely detection of the change in the state of
the volcano and, in the advanced stages of the pre-eruptive
process, allow the identification of the areas more highly
prone to the opening of eruptive vents. However, during rest
periods, such as the current one of Somma-Vesuvius, the
deformation of the volcano can be very elusive (Dzurisin,
2000).

Therefore, the location of the sensors is of paramount im-
portance. In fact, as shown by Dzurisin (2003), sensors lo-
cated too close to the area of the deformation, would not al-
low to distinguish between an inflation dyke and a deflation
sphere (Dzurisin, 2003), because both sources of deforma-
tion would produce subsidence in a confined area. A sparse
and wide network of sensors might fail to record localized
deformation caused by a shallow source.

Simulations of the ground displacements due to overpres-
sure sources have proven to be very useful for the design of
networks. In this way, the expected deformation field is sim-
ulated and therefore inferences can be made on the most suit-
able location of the sensors. Due to the harsh topography and
structural heterogeneities, the simulation of ground displace-
ments due to overpressure sources embedded in a domain
closely representing the Somma-Vesuvius volcano is very
challenging. In this study, which represents a development
of Meo et al. (2008), through a 3D finite element modelling,
we target to simulate, the deformation of Somma-Vesuvius
volcano caused by some overpressure sources. Under the as-
sumption of linear elastic material behaviour, the volcano de-
formation sources are located at various depths and their ge-
ometry (shape and lateral extension) is mainly constrained by
the results of seismic tomography studies (Zollo et al., 1996;
Capuano et al., 2003).

The paper is organized as follows. The Sect. 2 illustrates
briefly the Finite Element Method (FEM). In Sect. 3, we
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describe the Structural heterogeneities and FEM model for
Somma-Vesuvius volcano. Section 4 reports on the 3D sim-
ulations. In Sect. 5 results are discussed and conclusions are
drawn.

2 Finite Element Method for Somma-Vesuvio volcano
model

The finite element method (FEM) is a numerical technique
for solving problems which are described by partial differen-
tial equations or can be formulated as functional minimiza-
tion. The FEM has been used to investigate a wide range of
complex physical phenomena, particularly those with geo-
metrical and material nonlinearities (such as those often en-
countered in the real-world geosciences). The principle of
minimization of energy forms the primary backbone of the
finite element method. When a body is subject to a particular
boundary condition, this can lead to several configurations,
but yet only one particular configuration is realistically pos-
sible or achieved governed by the principle of minimization
of potential energy. It states that when forces and boundary
conditions are applied, among the numerous possible config-
urations that the body can assume, the configuration of min-
imum total energy is chosen.

In the finite element analysis, a domain of interest is di-
vided into small pieces known as “elements” and the corner
point of each element is known as a “node”. Approximat-
ing functions in finite elements are determined in terms of
nodal values of a physical field, in our study the displacement
field. A continuous physical problem is transformed into a
discretized finite element problem with unknown nodal val-
ues. Basically the unknown displacement field is calculated
at the nodal points. Interpolation functions are defined for
each element to interpolate, for values inside the element,
using nodal values. These interpolation functions are also of-
ten referred to as shape functions. For examples, the relation
(1) show the case 1D

u(x) = N(x)d (1)

where d is the nodal displacement, N is the shape func-
tion and function of x and u(x) is the global displacement
function. For a linear problem, a system of linear algebraic
equations should be solved. Values inside finite elements can
be recovered using nodal values. The piece-wise approxima-
tion of physical fields on finite elements can provide good
precision even with simple approximating functions. How-
ever, mesh sensitivity studies should be carried out where
increasing the number of elements a better accuracy can be
achieved. Moreover, the locality of approximation leads to
sparse equation systems for a discretized problem helping to
solve problems with very large number of nodal unknowns
as in our case.

The FEM allowed us to transform the domain of interest,
the Somma-Vesuvius volcano in this case, into elements with
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Figure 1. (a) Geological map relating to the part of the domain enclosed in the red box (from Pennetta, 2018). It includes Gulf of Napoli and
the Somma-Vesuvius volcano, southern Italy. Inset shows a geographical sketch of southern Italy, the circle indicates study area. (b) Finite el-
ement model used in this study. The directions of the y-axis and x-axis coincide with the geographic North and East-West verse, respectively.

The z-axis is perpendicular to the x — y plane.

discrete nodes in space. The properties of the domain are ob-
tained combining those of the elements. The FEM is also
suited to dealing with strong variations of stiffness proper-
ties, such as those expected for a volcano. In this study, we
have used heterogeneous material properties for the different
part of the investigated domain and to evaluate the effect of
these structural heterogeneities in surface ground deforma-
tion. The element stiffness matrix, for 3D elements, has the
generic form presented in Eq. (2)

k] = / / (B]” [D][B]dV P

where [B] is the strain displacement matrix and [D] the ma-
terial properties’ matrix. The displacement over the domain
of interest can be calculated from Eq. (3)

[F]=[K][d] 3

where [K] is the global stiffness matrix containing the stiff-
ness of each area and element connectivity information and
F the applied loads.

In this study, the Finite Element Model has been imple-
mented in the commercial code ANSYS, taking into account
real topography of the Somma-Vesuvio volcano as inferred
from a detailed digital elevation model. The mesh (Fig. 1)
was built, as in Meo et al. (2008), by using elements with
smaller edge length in regions of high stress gradient while a
coarser mesh was used away from the main crater. In partic-
ular, in the main area of about 10 km? with a side of 10km
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Table 1. Main characteristics of the mesh.

Domain size 37000 x 26000 m

Domain Depth 25000 m
Type Element Hexahedral defined
by eight nodes

Degrees of freedom
of the element

Three degrees of freedom
at each node, the translations in the
three nodal directions.

643525
612880

Number of Nodes

Number of Elements

enclosing the volcano, brick elements have an edge length of
80m. A coarser mesh was used for the remaining domain
with elements having edge length of 240 and 480 m. The
main characteristics are summarized in the Table 1.

Regarding the boundary conditions, the different con-
straints imposed on the faces of the domain are described
in Table 2.

3 Structural heterogeneities
Structural heterogeneities have been modelled in terms of the

three dynamical elastic parameters: Young’s modulus (E),
Poisson’s ratio (o) and density (p). At each element, we
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Table 2. Boundary conditions.

Node position Constrain

External faces with y = constant Y direction
External faces with x = constant X direction
Bottom Z direction

Top No

have inferred these parameters from seismic waves velocities
retrieved from seismic tomography conducted at Somma-
Vesuvius volcano during TomoVes project (Gasparini et al.,
1998; Capuano et al., 2003). In particular, we have derived
the density of volcano by means the relationship (4) obtained
by Currenti et al. (2007) and therein references. The derived
density lead to density differences consistent with those ob-
tained by 3D gravity inversion by Capuano et al. (2013). In-
stead, Young’s modulus and Poisson’s ratio can be calculated
with the relations (5) and (6). Moreover, as already done in
Meo et al. (2008), the model is built taking into account the
real topography of the volcano, which is inferred from a de-
tailed digital elevation model.

p = 1.2861 +0.5498 ¢ — 0.0930 > + 0.007 &> 4)
3a? — 482
E= /0,32 <W) 5
a? —2p?
- Y —h 6
7T 22— p) ©

In these relationships o and g are P-wave and S-wave
propagation velocities respectively. Starting from these as-
sumptions, we have built a heterogeneity volcanic structure
with distributions of elastic and density parameters.

The elastic Young’s modulus varies in the range from
10 GPa at shallower depth to about 80 GPA at higher depth
(Fig. 2), Poisson’s ratio varies between 0.246 and 0.250.
Indeed, the density varies in the range from 1800 to
2800 kg/m?>.

4 Simulations

We simulate, for Somma-Vesuvius volcano, the displace-
ments caused by three overpressure sources at various
depths, 2, 3 and 5 km, in homogenous and heterogeneous me-
dia.

As in Meo et al. (2008), we have represented the reservoirs
by means of a prolate overpressure parallelepiped shaped
with a horizontal side of 480m and thickness of 1.8 and
2.0 km both for shallower source at 2 km and for the deeper
ones at 3 and 5 km respectively; all sources are located along
the crater axis. We have chosen reservoirs with a lateral ex-
tension smaller than 500 m, because the resolution of seismic
tomography data do not show body with extension greater
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than 0.5 km. The depth of the source is the position of the
center of the parallelepiped. For example, the source at 2 km,
which has a height of 1.8 km, has the top at 1.1 km and the
bottom at 2.9 km. The shallow part of domain that reaches the
top of source (1.1 km) is characterized by a Young’s modulus
that varies between 10 and about 30 GPa (Fig. 2). Therefore,
we have chosen to use the minimum value of E for the ho-
mogeneous case.

For each source, the displacements field is computed
by using three homogeneous half-space model, with E =
10GPa and ¢ = 0.3, and an heterogeneous one obtained by
evaluating, at each node of the mesh, E, o with Egs. (5) and
(6).

For each model the three components of the ground dis-
placements are computed at the nodes of FEM mesh, corre-
sponding to the real topographic surface. We present results
for a uniform overpressure of 10 MPa applied to the source
walls. Different overpressure values will affect the ground
deformation magnitude but the deformation pattern will keep
unchanged, due to the linear elastic material model used in
the simulation.

5 Results and conclusions

Results relative to the source located at 2km are reported
below. In particular, the surface deformation produced by a
source located at 2km depth in homogenous (£ = 10 GPa)
and heterogeneous medium is shown in Figs. 3 and 4. The
deformations produced by a Mogi-type source (Mogi, 1930)
are depicted too, only as a term of comparison. In both cases,
it is evident a deviation from an axial symmetrical pattern
of the displacement field, due to the presence of the real to-
pography. The ground deformation, in both cases, is concen-
trated in a radius of about 3 km from the crater axis. Another
evidence, in the heterogeneous case, is the presence of sub-
sidence areas along both profiles. They are located in the up-
per part of the volcano, in the younger part of the volcano
(Gran Cono) and between the younger and the older area
(Somma). Moreover, maximum vertical displacements are
greater in homogenous case with respect to heterogeneous
medium, both along the south-north (Fig. 5) and east-west
profiles (Fig. 6). In a previous paper by Meo et al. (2008),
on the other hand, it has been showed that the heteroge-
neous layered case (10 GPa up to 2km and 40 GPa under
2 km) turns out the maximum vertical displacement along the
south-north profile.

From our simulations turns out that the maximum verti-
cal displacement is provided by the homogeneous medium.
This evident discrepancy with respect to the results by Meo
et al. (2008) is not a surprise, because it is recognized that
stratified models are strongly influenced by the position of
the source.

In Meo et al. (2008), the source was located above and
below the two layers and the relative difference in Young’s
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Figure 2. Internal structure derived from the seismic tomography (Gasparini et al., 1998; Capuano et al., 2003). The Young’s modulus is

shown for the depth indicated on the top of each plot. The last box at bottom right shows the topography.

modulus creates additional vertical forces in the area above istically the various zones with different Young’s modulus
the overpressure source. Our heterogeneous model, “closer calculated from tomography measurements.
to reality”, mitigates these effects by modelling more real- The geodetic monitoring of volcanoes is one of the ma-

jor tools for identifying possible warning signals of volcanic
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Figure 3. Map of vertical displacements produced by a source
located at 2km depth embedded in homogenous medium (E =
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Figure 5. Normalized vertical displacements for homogeneous, het-
erogeneous cases and Mogi model, which does not take into account
the topography, along South-North profile.

Figure 4. Map of vertical displacements produced by a source lo-
cated at 2 km depth embedded in heterogeneous medium obtained
by evaluating, at each node of the mesh, E and o with Egs. (5)
and (6). The names and locations of continuous GNSS stations are
shown.

activity. Therefore, the modeling of the expected deforma-
tions from possible overpressure sources, taking into account
the real topography, can provide useful information for opti-
mizing the position of the sensors. In particular, our results
indicate the need for a better definition of the geometry in
the summit area of Somma-Vesuvius, in which we highlight
the greater variations of the expected deformations compared
to simpler models that do not take into account the hetero-
geneity of the structure and the actual topography. In fact,
we believe it is useful a spatial optimization of the geodetic
network at higher altitude in order to be able to identify in de-
tail the uplift and subsidence areas, the prompt detection of
which, according to our model, would be necessary to eval-
uate any phenomenology in progress. Obviously, taking into
account the operational difficulties, a compromise between
dense and sparse network of sensors should be achieved. In
fact, as already mentioned in the introduction, the sensors
located too close to the area of the deformation, would not
allow to distinguish between an inflation dyke and a defla-
tion sphere. A sparse and wide network of sensors might fail
to record localized deformation caused by a shallow source.
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In conclusion, a better definition of the geometry and char-
acteristic of the GNSS monitoring network, particularly in
the summit area, as this study, with the limit of validity of
our source model, could represent a further contribution for
those ongoing projects that involve the thickening and opti-
mization of the network.

Code availability. The Finite Element Model has been imple-
mented in the commercial code ANSYS version 14.5. (https://www.
ansys.com, last access: 20 May 2020)

Data availability. All data are available from the authors upon re-
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