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A main challenge in open conduit volcanoes is to detect and interpret the ultra-small strain
(<10–6) associated with minor but critical eruptions such as the lava fountains. Two years
after the flank eruption of December 2018, Etna generated a violent and spectacular
eruptive sequence of lava fountains. There were 23 episodes from December 13, 2020 to
March 31, 2021, 17 of which in the brief period 16 February to 31 March with an intensified
occurrence rate. The high-precision borehole dilatometer network recorded significant
strain changes in the forerunning phase of December 2020 accompanying the final magma
migration at the shallower levels, and also during the single lava fountains and during the
entire sequence. The source modeling provided further information on the shallow
plumbing system. Moreover, the strain signals also gave useful information both on the
explosive efficiency of the lava fountains sequence and the estimate of erupted volume.
The high precision borehole dilatometers confirm to be strategic and very useful tool, also
to detect and interpret ultra-small strain changes associated with explosive eruptions, such
as lava fountains, in open conduit volcanoes.
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INTRODUCTION

The magma uprising processes leading to volcanic eruptions produce ground deformation and strain
changes. Detection of the strain associated both with the preparatory phases and the eruptive events
is key in interpreting the ongoing phenomena (i.e., Dzurisin, 2007 and references therein). Very high
sensitivity in detecting strain changes allows both highlighting possible precursors and also
improving the understanding of the eruptive mechanisms.

The geophysical instruments with the best resolution are currently borehole strain-meters
(nominal resolution of 10–10 to 10–11). In volcanic areas the most commonly used types of
these instruments are borehole dilatometers that measure the volumetric strain. These
monitoring devices provide helpful information in detecting high precision strain changes
that accompany the reawakening of volcanic activity, thus improving the understanding of the
volcanic processes.

Themost famous cases are the eruptions at Hekla volcano (Iceland) in 1991 and 2000 (Linde et al.,
1993; Sturkell et al., 2013), in which the strain changes allowed the successful prediction of the
eruption onset. Other notable examples of strainmeter results in volcanoes around the world are
Mauna Loa, Hawaii (Linde and Sacks, 1995; Johnston et al., 2001; Hurwitz and Johnston, 2003),
Montserrat, WI (Voight et al., 2006; Chardot et al., 2010; Linde et al., 2010; Hautmann et al., 2014),
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Izu-Oshima, Japan (Linde et al., 2016), Campi Flegrei, Italy
(Amoruso et al., 2015), and Stromboli, Italy (Bonaccorso et al.,
2012; Di Lieto et al., 2020).

At Etna volcano, the major eruptions are characterized by final
magma intrusions propagating vertically or radially that feed the
flank eruptions, which are capable of producing tens to hundreds
of millions of cubic meters of lava flows (Bonaccorso et al., 2004
and references therein). In the last 20 years, eruptions comprising
a sequence of lava fountain events have also been an efficient
mode of magma emission, especially when these explosive events
recur in a brief time, namely days to weeks. In particular, from
January 2011 to December 2013 the NSEC summit crater
generated 44 lava fountains (Calvari et al., 2018 and references
therein). Lava fountains are explosive eruptions that in basaltic
volcanoes expel lava fragments to heights from tens to hundreds
of meters (e.g. Wolff and Sumner, 2000 and references therein).
At Etna, the usual duration of these events ranges fromminutes to
some hours, and they are also accompanied by summit effusive
lava flows. Despite the brief duration, this eruptive activity is often
dramatic due to the formation of 10–15 km high eruptive
columns that lead to dangerous ash plume dispersal and fall-
out (e.g. Calvari et al., 2018 and references therein). In recent
decades, the lava fountains have caused several problems to the
urban areas of the main city of Catania and the other villages
around Etna’s flanks. Moreover, the hazard to aviation often
forced the closure of the Catania international airport.

Unlike the magma intrusions that open new paths causing
marked deformation and strain, the lava fountains drain magma
through the existing internal main conduit of the volcano. This
process produces smaller deformations on the ground surface
that are not easy to detect by the geodetic networks such as GNSS
or by space remote sensing such as InSAR also due to their brevity
(i.e. Bonaccorso et al., 2013a). However, highly sensitive
instruments, such as deep borehole dilatometers, are usually
able to detect small strain changes up to a precision of 10–10

thus providing useful information during this eruptive activity
(Currenti and Bonaccorso, 2019). The strain changes detected
during the lava fountains of 2011–2013 by high precision
borehole dilatometers enabled modelling the shallow deflating
source located at a depth ∼0 km below sea level (b.s.l.)
(Bonaccorso et al., 2013), interpreted as a shallow and small
storage where the gas-rich magma is trapped and then violently
ejected through the lava fountains.

In December 2020, Etna underwent a rapid evolution of its
activity with seismic swarms forerunning the eruptive phase
comprising a sequence of 23 lava fountains from 13 December to
31March, of which the last 17 events from 16 February to 31March.

In this work, we present the high-precision strain
measurements from the borehole dilatometer network that has
enabled tracking the volcano’s eruptive activity. We report how the
strain signal can provide useful constraints to investigate and
interpret the ongoing phenomena. We show that the strain data
constrained the shallow intrusion occurring during the seismic
swarm on 19 December and how this represents a crucial turning
point preceding the eruptive activity. Moreover, the strain data
allowed us to infer the position for the source feeding the single lava
fountains during the entire period of the February-March

sequence. These results highlight further details on the shallow
plumbing system. Finally, the strain signals also provided
information on both the explosive efficiency of the lava
fountain sequence, useful for evaluating the evolution state of
the ongoing phenomenon, and the estimate of the erupted volume.

ETNA VOLCANO ACTIVITY FORERUNNING
THE 2020-2021 EXPLOSIVE ACTIVITY

After the short and not very voluminous flank eruption in
December 2018, caused by the rapid ascent of a vertical dike
that caused marked deformations (e.g. Aloisi et al., 2020), the
volcano produced mainly summit eruptive activity. From May
2019 to May 2020, there was mainly eruptive activity from the
summit craters with discontinuous ash emissions, mild
Strombolian activity, and also effusive activity (De Beni et al.,
2020). By mid-December 2020 three seismic swarms had
occurred at intermediate depths on the 1st (depth 1.3–4 km
b.s.l., ML 1.0–2.3), 6th (depth 16–28 km b.s.l. ML 1.6–2.9) and
9 th - 12th of December (depth 2–8 km b.s.l. ML 1.3–2.6). A first
lava fountain took place on 13 December, then a shallow seismic
swarm (ML 0.8–1.5) occurred under the crater area in the last
kilometers below the sea level on 19 December indicating an
attempt of fast magma intrusion in the shallower levels. This
seismic activity preceded the two fountains close together on 21
and 22 December. Then the crucial phase started on 16 February
when a sequence of frequent lava fountains began and erupted a
further 17 events until 31 March (INGV-OE, weekly internal
reports at https://www.ct.ingv.it/index.php/monitoraggio-e-
sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-
multidisciplinari).

BOREHOLE DILATOMETERS NETWORK
AND STRAIN SIGNALS

Network
The dilatometers making up the Etna network measure the
volumetric strain of the rock surrounding the sensor. The
device is a liquid-filled, 3–4 m long, cylindrical tube installed
in a deep (100–200 m) drilled hole. These are the geophysical
instruments with the best sensitivity, reaching a nominal
resolution of 10–10 to 10–11, with a dynamic range of 140 dB
and frequency range of 10–7 to >20 Hz (Roeloffs and Linde, 2007).

The borehole dilatometers at Etna were installed in drilled
holes at depths ranging from ∼170 m (DRUV and DEGI stations)
to ∼110 m (DMSC and DPDN) (Figure 1A). A detailed
description of Etna’s dilatometer network and the important
information furnished during previous eruptive activities is
provided in Bonaccorso et al. (2016; 2020).

During the investigation period of this study (December
2020 - April 2021) the DPDN station (closer to the summit
area at 2.750 m a.s.l.) was out of use. It was not possible to repair
as it was unreachable due to snow. The three stations DRUV,
DEGI and DMSC, apart from some brief interruptions at DEGI,
recorded regularly.

Frontiers in Earth Science | www.frontiersin.org September 2021 | Volume 9 | Article 7405052

Bonaccorso et al. Magma Migration Revealed by Borehole Dilatometers

https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Strain Signals
The response and the accuracy of dilatometers are affected by
various installation conditions, among which mechanical rock
properties, sensor-rock coupling and local environmental noise.
Therefore, in situ instrument calibration is crucial. At DRUV
station, installed in very massive rocks with high efficiency in
transferring strain to the sensor, three different calibration
approaches have been applied by comparing recorded signals
with theoretical tides Bonaccorso et al. (2013), synthetic
straingrams of teleseismic events Bonaccorso et al. (2016) and
strains estimated from seismic array signals (Currenti et al.,
2017). The three methods gave comparable calibration coefficient
values. DEGI and DMSC stations, less sensitive than DRUV, were
calibrated by comparing the amplitudes of teleseismic waves
recorded at the stations and at the reference station DRUV. The
strain signals are usually affected by disturbing signals mainly due to
tidal and atmospheric pressure variations. In order to properly detect
strain changes related to volcanic activity, these components are
estimated and filtered. The DRUV signal, sensitive to both tidal and
pressure variations, is filtered using the BAYTAP-G software
(Tamura et al., 1991). The signals recorded at DEGI and DMSC,
mainly disturbed by atmospheric pressure variations, are filtered by
applying a linear regression to the pressure signal. Tidal and
atmospheric pressure parameters are fitted using a sufficiently
long dataset, during which the volcano activity was low and there
were no other significant perturbations (i.e. rainfall precipitations),
in order to avoid spurious signals that may affect the parameter
estimates.We then filtered the dataset from September 2020 to April
2021. The recorded and filtered signals together with the
atmospheric pressure data are shown in Figure 1B. Offsets and
outliers due to both electronic problems and opening of the
instrumental control valves were removed. The analysis of the
filtered signals highlighted three main phases: a compression
phase, up to February 16, 2021; a decompression phase, from 16
February to March 19, 2021 and a final compression phase.
Moreover, two significant strain changes, on 19 and 31
December, were detected. The first one (Figure 2A), clearly
observable at DRUV and DEGI, occurred in concomitance with
a seismic swarm at a shallow depth a few kilometers below the
summit crater area. This episode was followed by two lava fountains
2 days later (Figure 2A). The second one, only detected at DRUV
(Figure 1), preceded by about 15 h a second seismic swarm that
instead occurred more distant from the crater area in the lower
western flank at a depth of 9–14 km b.s.l. The decompression
phase was characterized by a middle-term decompression and
short-term step-like variations at the time of each lava fountain
event. A clear detail is provided by the DRUV signal
(Figure 2B). A slow compression phase restarted at DRUV
and DEGI from 19 March and negative strain changes can again
be detected at the time of the last two lava fountains on 24

FIGURE 1 | (A) Etna borehole dilatometer network. The DPDN station
was out of order in the period of this study. (B). Recorded and filtered strain
data from October 1, 2020 to April 10, 2021. 1) strain change recorded during
the December 19, 2020 seismic swarm below the volcano pile with
seismic earthquakes located at shallow depth; 2) two close lava fountains
following the seismic swarm of 19 December; 3) pre-swarm strain change
recorded on 31 December; 4) recharging compression phase; 5) strain

(Continued )

FIGURE 1 | changes during the single lava fountain events, 6) strain changes
during the middle term decompression of 16 Feb–19 March as recorded at
DRUV and DEGI stations; 7) last events of the lava fountains sequence with
longer effusive activity; 8) resumption of compression from 19 March as
recorded at DRUV and DEGI stations.
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March and April 1, 2021. It is interesting to note that, during the
deflation phase, the strain variation recorded by each individual
strainmeter concurrently with all the lava fountains is similar.
Moreover, the ratio between the middle term strain variation
recorded at DEGI and the one recorded at DRUV is comparable
with the strain variation ratio DEGI/DRUV recorded during the
other events of this eruptive sequence.

MODELING

The 19 December 2020 Intrusion
The match in time between the occurrence of the seismic swarm
and the strain changes recorded at the dilatometer stations on 19
December 2020 is a clear indication of the response of the volcano
edifice to a common source. We investigate whether the recorded

FIGURE 2 | (A)Detail of the strain recorded during the December 19, 2020 swarm accompanying the intrusion and during the following first lava fountains on 21-22
December 2020. (B) Detail of the strain changes recorded during the lava fountains sequence from February 16, 2021.
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FIGURE 3 | (A) Etna map with the strain expected by the tensile source model for the Dec 19, 2020 intrusion. The circles are the locations of the earthquakes of the
seismic swarm. On the right, the N-S section indicating the local magnitude ML of the seismic events. (B) FE modelled volumetric strain changes (colored lines) of the
prolate source, having aspect ratio 0.5 and volume change 2 × 106 m3, for different depths along a profile running westward from the summit crater area. Volumetric
strain changes observed at the dilatometer stations are also reported (black circles). (C) W-E section of Etna and different sources. S1 is the classic intermediate
storage (Z ∼6 ± 2 km) modeled several times during the prolonged recharging periods over the last 40 years (i.e. Aloisi et al., 2018; Bonaccorso and Aloisi, 2021). S2 is
the tensile source acting on Dec 19, 2020. S3 is the source that constrains the decompression source during the events of the lava fountain sequence. It is in the same
position already modeled with the strain for the previous fountains of 2011–2013.
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compression of tenths of microstrain is compatible with the strain
exerted by a tensile dislocation due to a shallow dike
emplacement. Because of the shallowness of the source, Etna
topography could introduce significant distortion in the strain
field, which analytical solutions may fail to capture (i.e.
Bonaccorso et al., 2005). Therefore, we set up a fully 3D Finite
Element (FE) model under COMSOL Multiphysics taking
account of the real Etna topography. In addition, elastic
medium heterogeneity is introduced by estimating the elastic
moduli from seismic tomography investigations (Patanè et al.,
2006). Additional information on the FE model is reported in
Supplementary Material S1. More details about the model set up
can be found in Currenti et al. (2008, 2011). Due to the limited
number of available observations, we attempt to provide a first
order estimate of the expected strain changes by constraining the
source position to the seismic swarm cluster (Barberi et al., 2020),
localized below the base of the NSEC (Figures 3A, C). A grid
search was run over the depth, length and width parameters to
find a solution that fits the observations. The grid search leads to a
shallow tensile dislocation developing from -1.3 km b.s.l. to
0.5 km a.s.l. and extending for 1.2 km with an average opening
of about 0.3 m. The recorded and expected values at each station
are reported in Supplementary Table S2. The general strain
pattern confirms a compression at the dilatometer stations, which
are located quite far from and outside the main dilatation pattern
surrounding the source. The seismic swarm cluster seems to be
centered at the bottom of the tensile source, indicating the local
pressurization exerted by the penetration of the magma toward
the surface. A deeper source would have generated a dilatation at
the DMSC station. Discrepancies between the depth of the source
and seismic events could be attributable to the half-space
assumption (free surface at 1.6 km a.s.l.) in seismic event
location. It is worth noting that the engendered displacement
at the ground surface is at most 8 and 6 mm in the horizontal and
vertical component, respectively, thus confirming the condition
that the high frequency GNSS permanent network did not detect
any significant displacements greater than the measurement
accuracy.

Source of the Lava Fountains
The recurring fast negative strain changes during the lava
fountain events are indicative of the decompression related to
the magma release. At each of the three available stations, the sign
and amplitude of the changes are similar for all the events, with
distinct step-like variations of about −0.2, −1 and −0.1
microstrain at DRUV, DEGI and DMSC, respectively. Owing
to this recurring pattern and the similar events dynamics at the
NSEC, it is reasonable to assume that the decompression source
and its action have not changed over time. Thus, we use the elastic
FEmodel to quantify the strain changes generated by a spheroidal
magma storage undergoing a contraction. The resemblance with
the strain changes observed during the lava fountaining
sequences in 2011–2013 (Bonaccorso et al., 2013) again points
to a shallowmagma accumulation zone under the NSEC. In order
to constrain the source location and shape, we carried out a grid
search on the depth and eccentricity parameter of a spheroid.
Owing to the linearity of equations in elastic regime, the normal

displacements at the source boundary are defined by fitting the
computed and observed values for each pair of model
parameters. Although oblate and prolate sources can
generally fit the strain at the dilatometer stations, prolate
sources are more suitable, since they induce small
displacements (below 1.5 cm) in agreement with the lack of
any significant variation above the accuracy of current GNSS
measurements (F. Cannavò, personal communication). The
main findings point to a shallow vertically elongated magma
storage located in the range depth of 0.5–1 km b.s.l. (Figure 3)
as the most likely source feeding the lava fountaining events.
The fit with the data infers an average normal displacement of
the source walls of about 0.8 m leading to a volume change of 2 ×
106 m3. The recorded and expected values at each station are
reported in Supplementary Table S2.

DISCUSSION

On Etna, frequent seismic swarms are a main mode of the release
of the energy that accumulates in the main volcano-tectonic
structures (Patanè and Giampiccolo, 2004; Alparone et al.,
2015). These swarms can also occur sometime after the
eruptions both during periods of slow recharge preceding the
eruptions and in periods following the eruptions. Then there is a
class of eruptive swarms that accompanies the rapid penetration
of magma in the form of dikes that propagate and generate strong
associated seismicity such as, for example, the last brief flank
eruption of December 2018 (Alparone et al., 2020). Finally,
another important class of seismic swarms is that associated
with the first intrusion attempts that anticipate and forerun
the final magma ascent and summit eruptions. The tensile
source modeling of the strain recorded by the borehole
dilatometer shows that the seismic swarm of December 19,
2020 falls within this last category, and this swarm testifies to
the migration of fresh magma to a shallower level of the plumbing
system which then generates the prolonged explosive activity.
After this swarm occurred and the eruptive activity began, the
strain signals provided valuable information both in the short-
(single lava fountains) and middle-term (duration of the entire
eruptive sequence of February - March 2021). In particular, the
stations DRUV and DEGI clearly recorded the short-term
decompression effect (negative strain variations) during
fountains by defining the start-end timing of the eruptive
phenomenon through the initial-final points of the negative
variations, and the eruption intensity from the amplitude of
the variation. The strain changes recorded during the single
lava fountains and during the discharge phase in February-
March infer a vertically elongated source with its centroid
positioned near 0.5–1 km b.s.l. confirming the position
previously obtained for the lava fountains of 2011–2013 by
Bonaccorso et al. (2013). This source represents a small
storage area where gas-rich magma is trapped and then
violently ejected through lava fountains. Therefore, it is a sort
of shallow valve in which the magma is accumulated and then
released to generate the lava fountains. This picture is consistent
with the recent results obtained from a recent seismic

Frontiers in Earth Science | www.frontiersin.org September 2021 | Volume 9 | Article 7405056

Bonaccorso et al. Magma Migration Revealed by Borehole Dilatometers

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


tomography for the period January 2020 - February 18, 2021 (O.
Cocina pers. comm.; De Gori et al., submitted). Besides the
decrease in the seismic velocity Vp in a large volume centered
at 6 km b.s.l. the tomography now also showed a small volume
centered at 0–1 km b.s.l. interpreted as the seismic anomaly
related to the shallow reservoir that fueled the recent eruptive
activity. This anomaly was not present in previous tomographic
studies (i.e. Patanè et al., 2006). Therefore, there appears to be a
good agreement between the position of the source detected by
the recent tomography and that constrained by strain variations.
The sketch map with the sources position is shown in Figure3C.
In addition to information on the timing and the characteristics
of the eruptive activity and associated sources, the strain signals

provided useful information on the state of efficiency of the
explosive sequence. A critical point is to understand if the
fountains are a prelude to a main flank eruption or are a
sequence that will cease over time. It is very important to
understand the evolution of violent explosive sequences in
terms of 1) possible migration of the source and 2) when it
would have ended. On the first point, the constant DRUV/DEGI
strain amplitude ratio for the different eruptive events of the
sequence indicated that the source position during the four
episodes remained stable. During the previous 3–5 December
2015 explosive sequence from the main central crater Voragine
(VOR in Figure1A), the rapid decreasing of the amplitude
changes over time indicated the ending of the explosive

FIGURE 4 | (A) strain change amplitudes recorded during the lava fountain events. The changes showed a decrease in amplitudes over time. (B) the time interval
between two consecutive lava fountains lengthened over time.
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sequence (Bonaccorso and Calvari, 2017). For the
February–March 2021 sequence, the strain variations over
time showed a less rapid but very clear decrease in amplitudes
(Figure 4A). This behavior was accompanied by a gradual
lengthening of the time elapsed between one fountain and the
next (Figure 4B). These two elements, namely the trend of
gradual attenuation of the strain amplitude changes and
lengthening of the times between two successive events, could
represent a useful indicator of a progressively lower efficiency of
the eruptive source leading to the waning of the explosive
sequence.

Finally, it is worth noting that the strain is particularly useful to
furnish an estimate of the total erupted volumes. From the mean
strain changes recorded during the lava fountains of 2011–2013,
Bonaccorso et al. (2013) inferred an elongated source, located
below the crater area at a depth close to sea level, that deflates and
changes its volume by 2 × 106 m3 and, considering the portion due
to the compressibility of the magma, the total volume of magma
expelled was ∼2.5 × 106 m3. This result was confirmed by the
average total (pyroclastic products plus lava flows) volume of
magma emitted for the lava fountain during 2011–2013 (De
Beni et al., 2015) estimated by two aero-photogrammetric
surveys. This is therefore considered as the representative
volume for a single lava fountain, producing the mean strain
change recorded during the 2011–2013 lava fountains that at
DRUV was of 0.15 microstrain. Since the expected strain
caused by the contraction of a spheroidal source depends
linearly on the source volume change (i.e. Roeloffs and Linde
(2007)), we can then use the previous relation at DRUV (i.e. 0.15
microstrain corresponds to 2.5 × 106 m3 emitted lava volume) to
estimate the total volume emitted by the NSEC lava fountains from
the recorded strain changes. From 13 Dec to March 31, 2020, the
total volume discharged, calculated from the strain changes, is
approximately 59 × 106 m3 (of which about 52,5 × 106 m3 in the
phase of February 16 - March 31). This high rate of eruption
volume confirms that, similarly to the 44 lava fountains in
2011–2013, the recent December 2020–February 2021 sequence
represents an efficient modality of magma discharge able to emit a
total magma volume equivalent to a main effusive flank eruption,
then allowing to maintain the balance between arrival and drainage
of new magma from depth (Bonaccorso and Calvari, 2013).

CONCLUSION

The strain signals allowed us to obtain important information on
the state of activity of the volcano, on the characteristics of the
explosive sequence and on the sources acting in the shallow
plumbing system. This result is of great importance because the
lava fountains produce very small deformations that are usually
not detectable with geodetic techniques. In particular, the strain
unambiguously indicated the phase of magma migration at the
most superficial levels with the changes recorded during the
swarm of 19th December. The strain variations recorded
during the single fountains and the deflation phase during the
sequence of 16 February - 31 March, respectively, enable
constraining the position of the source and updating the

shallow plumbing system with new details. Moreover, the
strain signal also provides both useful indications on the
efficiency of the explosive sequence over time, and on the
estimate of the total emitted magma volume.
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