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modelling
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Gravimetric observations were carried out in 2015, to image the uppermost
portion of the volcanic plumbing system of Mt Etna (ltaly). Gravity
measurements were performed using two relative gravimeters, along a profile
that crosses the summit craters area (elevations between 2,820 and 3,280 ma.s.L).
Accurate positioning of the gravity observation points was determined through
GPS measurements. After applying elevation and terrain corrections, the reduced
gravity data were used to build a 2D density model of the uppermost part of the
volcano edifice. This model was constrained using to-date knowledge of the
structural setting of the area and the available volcanological data. We highlighted
the presence of low-density material below the summit craters, down to the depth
of about 2.1km, interpreted as highly altered, fumarolized and structurally
weakened material. It is also likely that the close presence of the conduits
feeding the summit craters of the volcano contributes to the gravity low in the
SW half of the measurement profile. Conversely, the gravity low observed at the
northern edge of the profile could reflect the high concentration of faults and
eruptive fissures in the Pizzi Deneri area, in correspondence of the Ellittico
caldera rim.
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Introduction

One of the most important elements characterizing volcanism is the structural setting of
the uppermost section of the volcano’s plumbing system. It consists of interconnected
magma conduits and reservoirs (Cashman et al, 2017), which directly govern the
mobilisation and storage, as well as the transport/ascent, evolution and eruption of magma.

Over the last few decades, significant advances in using geophysical techniques to image
the structure of magma plumbing systems have enabled the identification of zones of melt
accumulation, crystal mush development, and magma migration (Magee et al.,, 2018).

Mount Etna (Ttaly) is an active open-conduit volcano characterized by almost persistent
mild explosive activity from the summit craters. This “steady state” is sometimes interrupted
by phases of stronger activity from the summit craters or from flank fissures (Calvari et al.,
2020). Since detailed information is rarely available about the characteristics of buried
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(A) Sketch map of Etna showing location of the volcano-tectonic landforms (modified after Azzaro et al. (2012): faults (solid or dashed red lines with
barbs); caldera rims (solid or dashed blue lines with barbs); flank collapse rims (solid or dashed brown lines with rounded barbs); eruptive fissures (purple
lines with circles); pyroclastic cones (blue points). The inset at the bottom left shows the location of Etna volcano with respect to Sicily. The green square
represents the area indicated in (B), which includes the gravimetric profile with 31 measuring points. Geographical coordinates are expressed in UTM

projection, zone 33 N.

structures and faults, it is not clear which role they could play during
a magmatic intrusion, and, in particular, if they could be activated
and become preferential pathways for magma ascent.

In these conditions, gravity investigations have proven valuable
in delivering information about magma chambers, dykes, and sill
complex locations and geometries (Locke et al., 1993; Kauahikaua
et al,, 2000; Schiavone and Loddo, 2007; Fedi et al., 2018; Magee
et al.,, 2018).

With the aim of investigating the geological structure of the
uppermost part of the plumbing system of Mt. Etna, a gravity survey
was undertaken in the summit craters area. The survey set-up and
field work were conditioned by the accessibility of the area, due to
the ongoing activity of Mt. Etna.

By means of 2D density modelling, constrained by surface and
subsurface geological information, we studied the uppermost
portion of the volcanic plumbing system and here we present
results on the structural features of this part of the volcano edifice.

This work demonstrates how gravimetry can provide knowledge
useful for studying and understanding the processes occurring in the
uppermost portion of the volcano edifice.

Geological evolution of the summit part of
Mt. Etna

Volcanic activity in the Etna area started more than half a
million years ago (De Beni et al., 2011), both with submarine and
subaerial fissural eruptions. They covered large portions of the
territory with volcanic products that, however, did not build up
important reliefs (Branca et al., 2008; Branca et al., 2011a; Branca
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et al,, 2011b). About 110,000 years ago, fissural volcanic activity
evolved into central-type activity, and stratovolcanoes began to
grow, whose eruptive axes shifted over time along the SE—NW
direction (Branca et al., 2008; Branca et al., 2011a; Branca et al,,
2011b). Starting from around 60,000 years ago, the main
stratovolcano, named Ellittico, began to grow, reaching a
maximum elevation of about 3,600 m. The Ellittico activity ended
~15,000 years ago, with caldera-forming plinian eruptions (Coltelli
et al., 2000; Del Carlo et al,, 2017). They formed a wide summit
caldera, whose preserved rim currently crops out in the Pizzi Deneri
(2,846 m a.s.l.) and Punta Lucia (2,930 m a.s.l.) areas (Figure 1A).
Inside this caldera, volcanic activity resumed roughly along the same
eruptive axis, forming the present volcanic centre, named
Mongibello.

In 122 BC the largest explosive eruption of Mongibello volcano
in Holocene time occurred. This was a Plinian eruption of a basaltic
magma (Coltelli et al., 1998) that produced the formation of a new
summit caldera (Cratere del Piano; Figure 1A) and caused the
Ellittico
reconstructed original shape of this historical caldera appears
slightly elliptical, with diameters of 2.7 and 2.3 km along the N-S
and E-W axes (Azzaro et al., 2012; Figure 1A). The eruptive activity
of the past 2 ka produced the filling of the Cratere del Piano caldera
and the formation of the present-day Etna summit cone. The latter
comprises the Central Crater, divided into Voragine (VOR) and

disruption of the caldera southern rim. The

Bocca Nuova (BN), surrounded by two craters named Northeast
Crater (NEC) and Southeast Crater (SEC), formed in 1911 and 1971,
respectively (Figure 1B).

The upper portion of the volcano is characterized by three main
rift zones that radiate from the summit (Neri et al., 2011; Azzaro
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FIGURE 2

Photos taken during the gravimetric survey carried out in 2015. The top pictures provide a view of the investigated area, while, in the bottom pictures,
the instruments used for data acquisition (gravimeters and GPS receiver) are shown.

et al,, 2012; Cappello et al,, 2012): the NE Rift, the S Rift and the W
Rift (Figure 1A). These rifts are not directly connected to deep
magma reservoirs, but are frequently fed by dikes radiating from the
central volcanic conduit (Bousquet and Lanzafame, 2001; Acocella
and Neri, 2003; Neri et al., 2011).

Besides occurring from the summit craters or from the rift
zones, less frequent eruptions (sub-terminal) can take
that
structural relation to the summit cones, i.e., on their slopes

or at their foot.

place from fissures open in close spatial and

Etna’s summit area is also affected by extensional processes in
part related to the seaward displacement of its eastern and
southern flanks (Borgia et al, 1992; Solaro et al, 2010;
Bonforte et al., 2011; Ruch et al., 2012). This unstable area is
confined to the north by the Pernicana Fault System (Neri et al.,
2004) and to the SW by the Ragalna Fault System (Neri et al.,
2007; Branca et al., 2011b). Wide fracture fields formed both
around and inside the summit craters, and, after 1995, these
fractures developed into a main N-S structural system (Neri and
Acocella, 2006). During 1998-2001, this system consisted of a
N-S fracture zone with orthogonal extension. In 2004, the
fractures propagated towards the SE, cutting the SEC and
triggering the 2004-2005 eruption (Neri and Acocella, 2006).
The Piano delle Concazze area is also affected by different N-S
trending faults that represent extension-accommodation features
linked to the extensional tectonic regime of the North-East Rift
(Azzaro et al, 2012). These N-S trending faults, whose field
evidence is sometimes obscured by accumulation of pyroclastic
deposits, were recently investigated (geometry, depth, etc.)
through magnetic measurements (Napoli et al., 2021).
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Data acquisition and analysis

In 2015 gravity measurements were collected along a profile
passing through the summit craters area of Mt. Etna volcano, along a
NE-SW direction (Figure 1B). The profile is 3.3km long and
comprises 31 measurement points, with average inter-point
distance of 100 m (elevations between 2,820 and 3,280 m a.s.l;
Figure 1B). The profile ranges from the Pizzi Deneri area to the
pass between Bocca Nuova and SE Crater, crossing Piano delle
Concazze, and arrives at the SW rim of the Cratere del Piano
(Figure 1B).

Gravity data were acquired in 3 days between 30 June and 6 July
2015. Measurements were taken using in parallel a Scintrex CG5 and
a LaCoste and Romberg mod. G relative gravimeters (Figure 2). The
absolute gravity station (PO; Figure 1B), at the Pizzi Deneri
volcanological observatory (PDN; 2,820 m a.s.l.), was used as
reference (Pistorio et al.,, 2011; Greco et al., 2012; 2022). At least
three readings were taken with both gravimeters at each
measurement point of the profile. Furthermore, in order to
achieve a reliable model of the daily instrumental drift, we
performed measurements at the absolute reference station at the
beginning and at the end of each working day, using both
gravimeters. Tidal effects were corrected for using the Eterna
(Wenzel, 1996). We average
measurement error on the order of 10 pGal. Spatial coordinates

3.4 software evaluated an
of each point were determined by GPS observations, performed at
the same time as the gravity measurements, using a Trimble
5700 GPS receiver (Figure 2). The precision achieved for both
horizontal and vertical coordinates is on the order of a few
centimetres. the maximum error

Consequently, in gravity

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1171884

Panisova et al.

10.3389/feart.2023.1171884

0.8
0.6
0.4
0.2

Correlation coefficient
o

-0.2

-0.4

-0.6

-0.8

-1 T T T T T T T T T J
1200 1400 1600 1800 2000 2200 2400 2600 2800 3000

3200

Reference density (kg/m?3)

—a—Full-length profile

FIGURE 3

—e—Half-length profile

Correlation of Bouguer anomalies and topography for different reference densities.

determinations due to the uncertainty in the elevation data is lower
than 0.05 mGal.

In order to be used for imaging the subsurface density
distribution, gravity measurements need to be reduced for (i) the
difference in altitude between the reference (P0; Figure 1B) and each
observation point (free-air correction) and (ii) the effect of the
different distribution of above-ground masses around each
measurement point (complete Bouguer correction). Once these
corrections are accomplished, gravity measurements are reduced
to Bouguer anomalies (Deroussi et al, 2009), which reflect
anomalies in the subsurface density structure. Differences in
elevation retrieved from the GPS measurements were used to
perform the free-air correction. Conversely, the complete
Bouguer effect was evaluated at each observation point as the
cumulative gravity effect of two arrays of vertically elongated
cells (square-based vertical parallelepipeds), having common
bottom elevation (bottom of the “Bouguer plate”) and top
elevation defined by two DEMs. In particular, the DEM
developed by De Beni et al. (2015), featuring a spatial resolution
of 4.5 m, was used to define the height of the cells in the near field (an
almost square area with sides ~2 km away from the edge points of
the profile), while the DEM by Favalli et al. (2009), featuring a spatial
resolution of 10 m, was used to define the height of the cells in the far
field (an area of about 26 km x 26 km around the measurement
profile). To define their gravity effect, a constant density of 2,400 kg/
m® was assumed for all the prism cells in both the near and far fields.

Direct information (i.e., from boreholes) on the density of the
rocks in the summit area of Etna are not available. To choose the
most appropriate reference density for the 2D model, we started
from the classical Nettleton’s method (Nettleton, 1939). However,
this method can lead to misleading estimates of the reference density
if applied to data from areas where the properties of rock change

significantly (Long and Kaufmann, 2013). In order to obtain a
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reliable estimate of the reference density, we calculated a set of
correlation coefficients between Bouguer anomalies and topography
for several lengths of the profile and densities (1,200-3,200 kg/m?;
Figure 3). The minimal correlation between the calculated gravity
anomaly and the topography is achieved for a density of 2,400 kg/m’
and for a reduced profile length (profile truncated from SW to about
half-length). This value is thus chosen as the reference density for
the 2D model. It is worth noting that using the whole length of the
profile in the calculation leads to underestimation of the reference
density, due to the presence of lighter material beneath the summit
area of Mt. Etna (curve with square symbols in Figure 3).

The resulting Bouguer anomalies across the measurement
profile are shown in the top panel of Figure 4 (grey solid line;
referred as “observed gravity”). The main anomaly has a peak-to-
peak amplitude of about 6 mGal and a wavelength of about 2.5 km.
Lowest values occur in correspondence of the summit craters area,
while moving towards NE and SW, progressively higher values are
encountered (upper panel in Figure 4).

2D density modelling with IGMAS+

It is well-known that the inherent ambiguity in the
interpretation of potential fields (gravity and magnetic) implies
that a non-unique mathematical model can explain the same
observable (Gotze, 2014). To constrain the 2D model of the
Bouguer gravity anomaly across the uppermost part of the Mt.
Etna’s volcano edifice (top panel in Figure 4), we used the to-date
knowledge of the structural setting of the area and the available
volcanological data (Branca et al., 2011a; b; Branca and Ferrara,
2013; Barreca et al., 2018).

Data modelling was carried out using the IGMAS+ (Interactive
Geophysical Modelling Assistant) software, under the assumption of

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1171884

Panisova et al.

10.3389/feart.2023.1171884

661.01 0.0 1000.0 2000.0 3000.0
660.01 Profile length (m)
659.0 101
8 65801 05
= T
> 657.01 (g 0.01
£ E
©
O 656.0- -0.5
—— Observed gravity [ Highly weathered and fumarolized volcanics
655.01 _ __ Calcilsted travit [ Material beneath the active craters (MBAC; 1970 kg/m?)  -1.01
- - - Residual d it y [ Lower density material (LDM; 1970 kg/m?)
654:01 esidual gravity [ Eriittico and Mongibello lava flows and pyroclastic
succession
0.0 1000.0 2000.0 3000.0
SW Summit craters (M) NE
area . .
= Gravity stations
Ellittico
3000.0+1
caldera
g
; 2500.0
£
3 2000.01
I
1500.0
FIGURE. 4

Top panel: observed (solid grey curve) and calculated (black dashed curve) Bouguer profiles. Residuals (observed minus calculated gravity) are

depicted by the red dashed curve. Bottom panel: 2D density model of Mt. E

tna’s summit area down to a depth of about 2.1 km below the point of the

profile at highest elevation. On both sides, the density model is extended beyond the gravity profile (shaded parts), in order to avoid edge effects.

homogeneous density within each modelled geological formations.
IGMAS+ allows 3D potential field modelling at different scales
(Schmidt et al,, 2011; 2015). Based on the analytical solution of
Gotze and Lahmeyer (1988), it utilizes polyhedrons with
triangulated deep  structures.
Triangulated surfaces can be combined with voxel cubes to

surfaces to  approximate
produce complex (“hybrid”) models, thus allowing to describe
the geological structures in a more realistic way (Schmidt et al.,
2011; Alvers et al., 2014). The IGMAS+ software can also be used for
2D forward density modelling, as in the present case.

The bottom panel of Figure 4 shows the cross section of Mt.
Etna’s summit zone along the SW-NE gravity profile. The 2D
density model is defined from the surface down to an elevation
of about 1,200 m (about 2.1 km below the highest point of the
profile). In order to avoid edge effects, the modelled vertical section
is i) extended beyond the edges of the gravity profile (bottom panel
of Figure 4) and ii) its edge mirrors (Schmidt et al., 2015) are set far
enough (model geometry extended by 50 km). As the geological
formations crossed by the profile are lithologically very similar,
when developing the model, we aimed at the best compromise
between fitting the observed gravity data, while using anomalous
bodies with as smaller as possible density contrasts. To constrain the
geometry of individual structures, the available scheme published in
Barreca et al. (2018), based on geological interpretation, is adopted.
Results show a reasonable fit between the calculated (dashed black
line) and observed (solid grey line) Bouguer anomalies, with a misfit
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(dashed red line in Figure 4) ranging between —0.52 and +0.56)
mGal and RMS of 0.20 mGal across the whole profile. The proposed
model includes the following structural elements (see also the legend
in Figure 4).

v/ Material beneath the active summit craters (MBAC, white
coloured) having a negative density contrast of —430 kg/m?;
v Lower density material in the Pizzi Deneri zone corresponding
with the Ellittico caldera rim (LDM, light grey coloured)
having a negative density contrast of —430 kg/m?

v Ellittico and Mongibello lava flows and pyroclastic succession
(grey coloured) with a zero density contrast;

v/ Highly weathered and fumarolized volcanics (light red
coloured) having a negative density contrast of —100 kg/m?>.

The marked low in the left part of the Bouguer anomaly curve
(top panel of Figure 4) indicates the presence of low-density material
below the summit craters. To fit this anomaly, we considered two
almost vertical bodies, centered beneath the active summit craters
(part of the MBAC structural element), whose lateral and vertical
extensions are within 100 m and about 2 km (the maximum model
depth is controlled by the length of the observation profile),
respectively. Considering the position of the gravity profile with
respect to the summit craters (Figure 1B), it is likely that the
observed Bouguer anomaly is not affected by each volcanic
conduit individually, but, rather it images the cumulative near-
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field gravity effect of the conduits feeding the different craters.
Accordingly, it is probable that the conduits feeding the Central
(Voragine and Bocca Nuova) and SE craters induce a single gravity
effect on the Bouguer curve, while the conduit feeding the NE crater
is “seen” as a separate effect. Following this view, the MBAC
structural element includes two vertical sub-structures (bottom
panel of Figure 4).

Discussion

Our density model (bottom panel of Figure 4) involves three
sources of anomaly, with different negative density contrasts,
namely, MBAC, LDM and the altered volcanics beneath the
active craters zone. The geometries of and boundaries between
the modelled structures were defined on the grounds of the
available geological constraints.

The dominating gravity low in the left half of the Bouguer
curve (top panel of Figure 4) indicates a mass deficiency beneath
the summit craters area, due to low-density material. In particular,
this gravity low can be attributed to the presence of (i) the conduits
feeding the summit craters and (ii) altered and fumarolized rock,
weakened by the sustained passage of volcanic gases. A mass
deficiency was also detected through gravimetric measurements
beneath the summit of Mt. Vesuvius and along its vertical axis
(Celli et al., 2007) and interpreted as due to the presence of low-
density shattered lava rocks from internal break-ups and collapses
during explosive eruptions (Rolandi et al., 2004).

The NE edge of the profile crosses the Pizzi Deneri area, that is
cut by several faults and eruptive fissures (Figure 1A). The presence
of these structures lowers the overall local density, thus explaining
the gravity low observed at the northern edge of the profile (LDM
structure in Figure 4). It is important to mention that, with the data
at our disposal, we cannot spot possible density differences between
the Mongibello and Ellittico volcanics, since the SW edge of the
measurement profile does not cross the boundary between these
volcanics in the Cratere del Piano area (Figure 1).

The strongest discrepancies between observed and calculated
Bouguer curves, namely, the +0.56 mGal and —52 mGal, occurring
at distances of between 1,800 and 2,200 from the SW edge of the
profile (red dashed curve; top panel of Figure 4) could be due to either
unknown shallow geological structures, not accounted for in the 2D
model, or errors in the DEM data used to perform the terrain
correction, or to a combination of both. It is worth stressing that
the morphology of the summit active area of Mt. Etna may undergo
rapid and drastic changes, in consequence of intense eruptive activity,
and relief changes that are not captured in the DEM data can have
significant impact on the accuracy of the terrain correction.

Further errors could come from projecting the complex
morpho-tectonic setting onto a 2D profile.

Conclusion

Using gravity and GPS data collected in the summit craters area
of Mt. Etna, we produced the first density model of its upper
plumbing system. To reduce ambiguities, we used all the
available  information,

mainly geological knowledge and
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volcanological considerations. Despite their limits, our results
represent a valuable starting point for further studies.

One weakness of our results dwells in the fact that a complex
setting in an area of steep topography is studied in 2D. In the follow-
up work we therefore plan to complement the existing gravity data
by new observations, allowing to perform 3D modelling. However, it
is noteworthy that harsh environmental conditions and security
reasons limit accessibility to the summit area of Mt. Etna.

Another weakness comes from the lack of DEM data acquired at
the same time as the gravity data. This may introduce some
systematic bias in the computed Bouguer anomalies, which, in
turn, translates into bias in the subsurface density model. The
acquisition of new gravity data should be thus complemented by
the production of an updated DEM of the studied area.

The production of a more detailed 3D density model, covering a
deeper portion than the current model, would improve our
knowledge of Mt. Etna’s uppermost plumbing system, with
important implications for hazard assessments, considering the
key role this part of the volcano edifice plays in controlling
eruptive activity.
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