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Abstract Timely estimations of magma volumes emitted during an eruption or a sequence of explosive
events are vital for investigating the eruptive activity and evaluating the associated hazard. A reliable method
for estimating erupted volumes is based on the analysis of digital surface models that nowadays can be obtained
subsequently using stereo or tri-stereo optical satellite imagery. However, the real-time estimation of the
erupted volumes is still an open challenge. Here, we explore the capacity of extracting volume estimates from
continuous measurements of volumetric strain changes recorded by borehole dilatometers. We compare the
volumes derived from numerous high spatial resolution satellite images with high precision strain records at
Etna during 2020-2022, when more than 60 lava fountains occurred. The good correlation between the two
data sets shows that strain changes can be used as a proxy to estimate the emitted volumes both over time and in
real-time.

Plain Language Summary Quantifying erupted volumes is fundamental in volcanology to provide
a robust characterization of eruptions. To date, estimates of erupted volumes have been calculated after the
eruptions have ended and the real-time estimation of the erupted volumes is still an on-going challenge. In
recent decades, the sequences of lava fountain-type eruptions at Etna, with dozens of episodes close in time and
more than 100 episodes occurring since 2011, has made the task of estimating the volumes in real-time during
each single eruption ever more essential. This would enable providing precise information to Civil Protection
authorities and contribute toward hazard evaluation. In this study, we took on this new challenge by exploring
the potential to extract erupted volume estimates from continuous measurements of strain changes, recorded by
high-precision borehole instruments installed on the volcano's flanks. We compared and validated the volumes
deriving from numerous high spatial resolution satellite images with high-precision strain records at Etna
during 2020-2022, when more than 60 lava fountains occurred. The good correlation between the two data sets
shows that strain changes can be used effectively as a proxy to estimate the emitted volumes, both over time
and, more importantly, in real-time.

1. Introduction

Quantification of erupted volumes is a fundamental task in volcanology to provide a robust characterization of
the eruptions. Several methods have been proposed to infer eruptive volumes by eruptive deposits estimation
(e.g., Engwell et al., 2015 and references therein), which is of key importance especially for reconstructing large
explosive eruptions in the past. For explosive events, under the assumption of a fixed cylinder diameter for the
conduit, the volumes of pyroclasts can be obtained by measuring the outflow velocity of the fluid from the analy-
sis of thermal camera images. This indirect method has been applied at Etna (e.g., Calvari & Nunnari, 2022a and
reference therein). However, it only provides an estimation of the explosive pyroclastic portion without furnishing
information on the effusive portion, associated with the lava overflows, which are usually present in the explosive
activity of the basaltic volcanoes.

Another way to calculate the volume associated with lava fountains is by using geostationary satellite imagery
that, given the high revisit time, provides precise information on the lava flow cooling and, hence, can be modeled
to infer the lava volume (Ganci et al., 2012). Even if this technique is consolidated for lava fountains at Mt. Etna
(Bonaccorso et al., 2011; Ganci et al., 2018, 2023b), geostationary satellites cannot accurately measure the pyro-
clastic volume that cools in a very short time compared to lava. Nowadays, a more accurate and reliable approach
to calculate the total erupted volume is provided by the topographic comparison astride the investigated eruptive
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period. 3D morphology of volcanic edifices can be regularly updated thanks to on-demand very high-resolution
optical satellite imagery acquired in stereo, tri-stereo or multi-view configurations. This satellite imagery can
produce the topographic monitoring of Earth surface by applying photogrammetry techniques to build digital
surface models (DSMs). By differencing successive DSMs before and after an eruptive period, an estimation of
the erupted bulk volumes made up of the sum of lava flows plus the pyroclastic deposits emplaced can be derived.
This approach is extremely useful for infrequent eruptive events; however, depending on the passage of satellites
and subsequent data processing, the volume estimation has a time delay usually of days and it is not suitable for
near real-time purposes.

At Etna in recent decades, sequences of numerous lava fountain events have occurred in a short time (up to
dozens of events in a few months), which requires monitoring and multidisciplinary data analysis in real-time.
These explosive eruptions are short-lasting events, with mean durations from tens of minutes to several hours,
ejecting lava fragments to heights of hundreds of meters. Lava fountains form high eruptive columns causing
plume dispersal and ash fallout that can mean hazards for civil aviation and infrastructures of the urban areas
(Calvari et al., 2018 and references therein). The eruptive activity is also accompanied by effusive lava flows that
usually remain confined in the upper sectors of the volcano. Therefore, the total erupted volume is made up of the
explosive pyroclastic portion and the effusive one. The high rate of temporal occurrence of these eruptive events
can produce and cumulate large magma volumes over time.

A typical lava fountain produces small deformation (<1 microstrain; Bonaccorso et al., 2013), difficult to detect
with classic geodetic techniques such as GPS and InSAR. An effective technique to monitor lava fountains is the
high-precision borehole dilatometer since it measures the volumetric strain in a wide frequency range (from 1077
to more than 20 Hz) and with the highest resolution (order of 10~1%) achievable among geophysical instruments
(i.e., NASEM, 2017; Roeloffs & Linde, 2007). These characteristics make the dilatometer strategic for real-time
monitoring and surveillance of rapid events such as the lava fountains (Bonaccorso et al., 2021; Carleo, Currenti,
et al., 2022; Carleo et al., 2023). The high-precision strain recorded by borehole dilatometers is able to detect the
decompression of the source that fuels the lava fountain (e.g., Bonaccorso et al., 2016; Roeloffs & Linde, 2007).
The recorded changes are proportional to the volume variation of the magmatic plumbing system feeding the
eruption, and therefore are related to the total erupted volume. Thanks to the continuous monitoring of the strain
provided by the dilatometers, this relation can be exploited to estimate erupted volumes in real-time.

In this work, we compare volumes derived from DSMs differencing and strain change measurements to verify the
relationship between emitted volumes and strain variations.

We have made the most of the extraordinary intense Etna activity between 13 December 2020 and 21 February
2022, when more than 60 lava fountain events (Calvari & Nunnari, 2022a; Carleo et al., 2023; Ganci, Bilotta,
et al., 2023) occurred. This high number of explosive eruptions represents an exceptional set of events which
has enabled collecting a vast amount of information never previously recorded in a short time, both in terms
of satellite remote sensing for DSMs production and ground deformation recorded by high-precision borehole
dilatometers.

In Section 2, we briefly describe the lava fountain sequence that occurred in 2020-2022. In Section 3, we intro-
duce the satellite topographic approach for DSMs comparison. In Section 4, we present the high-precision strain
changes recorded by the borehole dilatometer and the data processing to reveal the ultra-small changes. Finally,
we compare the volumes obtained by successive DSMs comparison and the ones deduced by strain changes. We
propose a new method that can provide robust information on the erupted volumes both over time and in real-time
through the strain changes recorded by continuous monitoring.

2. Etna 2020-2022 Lava Fountains Sequence

Lava fountains are generated when a large volume of volatiles rapidly exsolves from the magma during its ascent.
The subsequent fast decompression along the upper plumbing system causes the mixture of gas and pyroclasts
to rise rapidly from the vent as a jet (i.e., Wilson et al., 1995), expanding vertically into an eruptive column. The
lowest portion of this column comprises the lava fountain (i.e., Sparks et al., 1997; Bonaccorso & Calvari, 2017).
Above it, a convective region forms that can reach 10-15 km height, followed by wind-driven ash transport of
hundreds of kilometers (i.e., Carey & Sparks, 1986; Calvari et al., 2018).
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Figure 1. (a) Lava fountain at Etna on 16 June 2021 (photo courtesy of Francesco Zuccarello). (b) Location of the
strainmeters installed on Etna. The red dot indicates the recording station DRUV used in this study. (c) Filtered strain signal
during the study period. The “saw teeth” marking the signal are the strain changes recorded during the lava fountain episodes.

At Etna volcano, lava fountains reach heights of hundreds of meters, lasting from tens of minutes to several
hours, and generate both a portion of volume caused by the pyroclastic fall-out accumulation and a portion of
volume feeding lava flows, which can reach maximum lengths of 4-6 km (i.e., Calvari et al., 2011, 2018; Ganci
et al., 2012, 2013). The majority of the lava fountains have a mean duration of ~2 hr and sustain lava jets with
mean heights of 500-1,000 m (Figure 1a).

After a two-year recharge phase, following the brief flank eruption of December 2018 (Aloisi et al., 2020;
Cappello et al., 2022), a lava fountain sequence began on 13 December 2020, heralded by three seismic swarms
occurring during the two weeks before (Bonaccorso et al., 2021; Calvari et al., 2022). More than 60 lava fountains
were erupted from summit SE crater (SEC) until 21 February 2022. Despite a general similitude of the single lava
fountains, these can have different characteristics, namely magnitude (i.e., erupted volume) and intensity (i.e.,
mass eruption rate), and depending on these features the different episodes can have a different impact in terms
of associated hazard. Calvari and Nunnari (2022b) analyzed all the lava fountain episodes from 2020 to 2022
using the images recorded by the monitoring network of thermal cameras. They found a high variability in the
pyroclastic volume erupted during the different eruptive episodes.

Calvari et al. (2022) selected three different episodes occurring between 13 December 2020 and 12 March 2021,
and analyzed the data from a multidisciplinary perspective by considering terrestrial cam and Satellite SEVIRI
images, seismic, infrasound, and strain data. A high variability of both volcanological (pyroclastic and lava flow
volumes, eruption rate) and geophysical (seismic, infrasound and strain amplitudes and strain rate) parameters
was observed. Carleo et al. (2023) applied an unsupervised machine learning algorithm to characterize all the
strain changes associated with the lava fountains in 2020-2022. They found that the amplitude of a strain varia-
tion, which is related to the total erupted volume, is one of the signal features that characterizes a lava fountain. In
Figure 1c, the filtered strain signal during the study period is presented. All the negative step-like strain variations
occurred concurrently with lava fountains.

3. Satellite DSMs Method and Strain Comparison

In order to quantify the volumes of volcanic deposits emplaced at Etna, we exploited high spatial resolu-
tion stereo WorldView and tri-stereo Pléiades acquisitions recorded between August 2020 and June 2022.
In particular, we used six different acquisitions, namely five Pléiades triplets acquired on 18 July 2016
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Table 1
Volumes Obtained From DSMs Difference and Sums of the Strain Variations Recorded at the DRUV Dilatometer Borehole
Station for Different Time Intervals During the SEC Lava Fountains of 2020-2022

Volume from DSMs
Time intervals Number of lava fountains difference [10° m?] Cumulated strain [nstrain]

22 Aug 2020-26 Feb 2021 13 24.5 1,692.4
26 Feb 2021-27 Jul 2021 47 63.3 4,113.4
13 Jul 2021-27 Jul 2021 2 4.26 325.7
22 Aug 2020-27 Jul 2021 60 85.9 5,805.8
27 Jul 2021-29 Jun 2022 7 20.49 1,465.5
26 Feb 2021-29 Jun 2022 54 81.5 5,578.8
22 Aug 2020-29 Jun 2022 67 103.53 7,271.3

(Cappello et al., 2019), 22 August 2020, 26 February 2021, 13 July 2021, 27 July 2021, and 29 June 2022
(Ganci, Bilotta, et al., 2023), and a stereo pair WorldView-1 acquired on 27 July 2021 (Ganci, Cappello, &
Neri, 2023). The Pléiades and WorldView imagery were processed using the free and open source MicMac
photogrammetric library (http://micmac.ensg.eu) developed by the French Institut Géographique National,
which consists of three main steps: (a) tie points recognition and matching between images; (b) calibration and
orientation, assessing relationships between viewpoints and objects; (c) correlation, producing dense matching
for 3D scene reconstruction. The resulting DSMs have a horizontal resolution of 1 m and an average vertical
accuracy, estimated by using GPS Ground Control Points (Ganci et al., 2019) outside the area covered by the
volcanic deposits, of about 1.2—-1.4 m.

In order to obtain more reliable height differences and minimize the errors due to misalignments, we performed
pairwise co-registrations by applying the Nuth and Ki#b algorithm, which finds the horizontal and vertical shifts
between the DSMs using the slope-aspect method and removes them (Nuth & Kéib, 2011). After this, along/
cross track corrections are then determined and applied. By making pairs of DSM differences, we obtained the
topographic changes due to the emplacement of volcanic deposits separately in seven time windows: (a) from
22 August 2020 to 26 February 2021, (b) to 27 July 2021 and (c) to 29 June 2022, (d) from 26 February 2021
to 27 July 2021 and (e) to 22 June 2022, (f) from 13 to 27 July 2021, (g) and from 27 July 2021 to 29 June 2022
(Table 1). The total volume of products was calculated by integrating the thickness distribution over the area
covered by the deposits (Figure 2a), while the uncertainty was quantified as the product of the area and the stand-
ard deviation of terrain residuals outside of the deposits (Figure 2b).

4. Strain Recording

In the last decade, Sacks-Evertson strainmeters (Sacks et al., 1971) were installed on Etna to monitor ground
deformation induced by the volcano activity (Figure 1b). These instruments are installed in drilled holes (depth
>100 m) to reduce the environmental noise and are coupled with rock with expansive cement. The strainmeters
recorded changes during the lava fountain events (i.e., Bonaccorso et al., 2021). In this work, we focused on the
measurements recorded by the DRUV strainmeter located ~10 km away from the Etna summit craters (instal-
lation depth of ~180 m) and optimally coupled with a massive rock layer characterized by a high efficiency in
transferring deformation, making it the station with the best response and accuracy in the strainmeters network
(Bonaccorso et al., 2016; Currenti et al., 2017).

The recorded strain signal is usually affected by disturbing signal components that could mask the deformation
induced by the volcanic activity (Currenti & Bonaccorso, 2019). To unravel the strain variations caused by the
eruptive episodes, appropriate signal filtering operations must be performed. We used the protocol developed by
Carleo, Bonaccorso, et al. (2022) to efficiently filter the effects of the main disturbing sources of the strain signal,
namely the atmospheric pressure and the Earth's tides (1077 to 107®), and reveal ultra-small volcano-related strain
changes up to 107! that can be partially masked in the recorded signal (Figures 3a and 3b). The strain variation
identified concurrently with an eruptive event is the response of the rock to the decompression of a magmatic
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Figure 2. (a) Height difference (in meters) between the DSMs derived from satellite images acquired on 29 June 2022 and
20 August 2020 related to the SEC lava fountains. (b) Volumes and relative uncertainties (colored bars) computed from DSM
difference from August 2020 to June 2022. Uncertainties are estimated by multiplying the area and the standard deviation of
terrain residuals outside of the deposits.

source feeding the eruption and thus represents a crucial quantity that can be related to the total erupted volume.
An example of strain variation related to the lava fountains is shown in Figure 3c. The strain signal reflects the
evolution of the eruption showing a decreasing trend that gradually increases its slope until the signal reaches
a minimum value corresponding to the end of the eruption (Carleo et al., 2023). The amplitude of the strain
variation can be estimated as the difference between the strain value at the onset (red circle in Figure 3c) and the
strain value at the ending time (black circle) of the variation. For a robust picking, we developed an automatic
procedure based on the method of Carleo, Currenti, et al. (2022), which is able to detect the onset and the end
of the strain change by a 20-min moving window in which the standard deviation of the signal is calculated and
compared with the background level. With this procedure, we can estimate the amplitude of each variation with
an uncertainty of 0.13 nstrain (more details in Text S1 in Supporting Information S1). The onset, the end and
the amplitude of all the strain variations recorded during the lava fountain episodes, are reported in Table S1 in
Supporting Information S1.
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Figure 3. (a) Recorded and (b) filtered DRUYV strain signal in the period 28 June-03 July 2021, when two lava fountains
occurred (red shaded areas). (c) Zoom of the lava fountain on 01-02 July 2021. The red and black circles correspond to the

onset and the ending time of the variation, respectively.

The strain variations of the lava fountains were summed for the single values associated with the events

contained in each of the seven time intervals in which the erupted volume difference was calculated from the

comparison of the DSMs (Table 1). The linear relationship between total erupted volume computed from DSM

differences and volumetric strain measured by the borehole dilatometer for the analyzed time periods is shown

in Figure 4.

8000

7000

6000 -

5000

4000 [

nstrain

3000

y=67.8x +36.0
R?=0.977

2000

1000

0 " L L L L Il

0 20 40 60 80 100
Volume [1 0% m3]

120

Figure 4. Linear relationship between the total erupted volume computed from the satellite DSMs difference and the
volumetric strain measured by the borehole dilatometer for the analyzed time periods. The fit was obtained with the
regression method of Mahon (1996). We found a slope of 67.8 + 3.1 and an intercept of 36.0 & 57.4, with a goodness of fit

(R?) of 0.977. Dashed lines indicate the 95% confidence interval.
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5. Discussion and Conclusion

Depending on the quantity of erupted magma volume, the lava fountains have a major impact on the territory
since ash plumes travel beyond the volcano area and the subsequent ash fallout can cause air traffic problems,
often the closure of airports (in particular the international airport of Catania, the busiest in southern Italy), as
well as disruptions in road traffic. It is thus a primary scientific target to evaluate the impact of these eruptive
events based on parameters recorded by the monitoring networks.

The estimate of the volumes erupted is usually calculated a-posteriori, after the conclusion of the eruptions. In
recent decades, the sequences of lava fountain-type eruptions at Etna, with the episodes close in time, posed the
challenge to estimate the volumes in real-time during each single eruption, to provide precise information to Civil
Protection authorities. In volcanoes with frequent eruptive activity, this issue is of fundamental importance, since
the evaluation of erupted volumes during the eruption allows for a better characterization of the event, contribut-
ing to the complete evaluation of the associated hazard.

Bonaccorso et al. (2013) had implemented an indirect method to constrain the volume emitted by the 2011—
2013 lava fountains from SEC by modeling the source that caused the strain recorded during these eruptions.
The authors modeled the average strain recorded during the lava fountains by using a finite element method
(FEM) approach. They found that a shallow prolate source, with an aspect ratio of 0.5, at depth of 0 km b.s.1.
and a change of volume of 2 X 10°® m? is able to reproduce the observed strain. The total emitted magma
volume was estimated as the volume change of the source plus a small portion of ~0.5 x 10¢ m* accommo-
dated before each lava fountain due to the magma compressibility (Bonaccorso et al., 2013). This source has
been interpreted as a small storage zone where gas-rich magma is trapped before being violently expelled
thereby generating the lava fountains. The stability of the source depth over time was analyzed by using a
Finite Element Method approach indicating that the centroid of its position is constrained in the range depth
of 0.5-1 km b.s.I. (Bonaccorso et al., 2021). Moreover, this depth is consistent with the result obtained from
the seismic tomography, revealing that in this range a shallow anomaly is present and interpreted as a volcanic
source (De Gori et al., 2021).

Considering that for the 2011-2013 lava fountains the mean strain at DRUV was ~150 nanostrain, then from the
modeling result the conversion coefficient resulted ~60 nanostrain per million cubic meters of erupted magma.
This coefficient represents the strain response at DRUV site to the contraction of the modeled source occur-
ring during the magma emission of lava fountains from SEC. In the past, this coefficient was used for first
estimates of the volume emitted during the January 2011-December 2013 lava fountain sequence. Bonaccorso
and Calvari (2013) for the first 38 lava fountains of the 16-month period January 2011-April 2013, estimated a
total erupted volume of ~95 x 10° m>. In terms of hazard, this allowed to rightly affirm before the conclusion
of the sequence that the lava fountain sequence represented an efficient way to release the magma stored within
the supply system and, in that framework, it did not represent a precursor of major effusive events and, instead,
favored the equilibrium of the volcano supply system.

Bonaccorso et al. (2021) found close similarities between the 2011-2012 and the 2020-2021 eruptive episodes,
both in the position of the strain source and in the magma volume emitted during a lava fountain event. This
aspect confirmed that the source propelling the lava fountains from SEC maintained the same position during
both sequences.

The previous coefficient was obtained from an indirect method based on the modeling of the deformation
effects of the source constrained by the solution from the FEM numerical method, and it can be considered a
first estimation. In this study instead, we have considered a new approach that is independent of models, which,
even if advanced, may suffer from limitations with respect to the complexity of the eruptive phenomena. We
have investigated the direct comparison with volume values measured through the DSMs comparison technique
during the 2020-2022 lava fountains sequence. This approach provides a coefficient of 67,8 nanostrain per
million cubic meters of erupted magma as strain response at DRUV during a lava fountain from the SEC. Our
results demonstrate the strict relationship between precise estimates of erupted volumes from periodic meas-
urements of satellite remote sensing, and estimates from high-precision strain recorded in real-time during the
lava fountains at Etna.
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