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Abstract: The Etna flank eruption that started on 24 December 2018 lasted a few days and involved
the opening of an eruptive fissure, accompanied by a seismic swarm and shallow earthquakes,
significant SO, flux release, and by large and widespread ground deformation, especially on the
eastern flank of the volcano. Lava fountains and ash plumes from the uppermost eruptive fissure
accompanied the opening stage, causing disruption to Catania International Airport, and were
followed by a quiet lava effusion within the barren Valle del Bove depression until 27 December.
This was the first flank eruption to occur at Etna in the last decade, during which eruptive activity
was confined to the summit craters and resulted in lava fountains and lava flow output from the crater
rims. In this paper, we used ground and satellite remote sensing techniques to describe the sequence
of events, quantify the erupted volumes of lava, gas, and tephra, and assess volcanic hazards.

Keywords: Etna volcano; monitoring eruptive activity; lava fountains; ash plume; lava flow field;
satellite remote sensing; web-cameras monitoring network; SO, flux

1. Introduction

Mt. Etna is a basaltic volcano located in eastern Sicily (Italy) and characterized by a steady state,
with an average magma output rate of ~0.8 m3 s~!, which equates to ~25 x 10® m? per year [1-4]. It is
an open-conduit volcano displaying an almost persistent mild explosive activity from the four summit
craters: Bocca Nuova (BN), Voragine (VOR), NE Crater (NEC), and New SE Crater (NSEC; Figure 1).
This quiet and low magma output is sometimes interrupted by either frequent, small-volume lava
fountaining events [5-8], or by less frequent but volumetrically more important lava flows from the
summit craters or from flank fissures [4,9], with the last flank eruption in 2008-09 [10,11]. The volcano
was of interest since early November 2018 due to weak Strombolian activity and small ash emissions
from the summit craters of BN, NEC, and NSEC [12], accompanied by an almost constant rate of
inflation [13]. Summit explosive activity was accompanied by small lava flows erupted from a little
cone located within the pit on the east flank of the NSEC cone [12,14]. These formed a fan-shaped
lava flow field ~500 m in width that reached the base of the NSEC without having sufficient supply to
advance further [15]. This lava flow field was still erupting at 9:51 UT on 24 December 2018 when
the new flank eruption started (Figure 2). Meanwhile, weak Strombolian activity was taking place at
the summit of NSEC (Figures 1 and 2). At ~7:00 UT on 24 December, Etna showed sudden signals
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of unrest, with increasing ash emissions from the summit craters, accompanied by a seismic swarm
comprising thousands of events localized under the summit area and the upper SW and NE flanks of
the volcano [13,16,17]. In addition, during the eruption, a Mw = 4.9 earthquake affected the lower
SE flank of Etna on 26 December at 02:19 UT (all times given in this paper are UT), followed by
intense seismic swarms lasting many days and showing a decreasing energy trend [16]. The ground
deformation pattern was explained with the upward movement of an ~30 X 10® m® magma batch [16]
that started from a depth of ~ 6 km b.s.l. and intruded along a ~N-S feeder dike that stopped at sea
level and displaced most of the volcano edifice [16,17]. Then, the magma expanded upward into a
much smaller dike that emerged at the surface through two NW-SE fissures [17], erupting a volume of
lava of ~3 x 10° m3 [13,16]. However, this seems poorly consistent with the general observed ratio of
the volume of magma degassed versus the magma volume erupted, which in 1993-2005 was 3.3:1 ([18],
and references therei).
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Figure 1. (a) Map of southern Italy and location of the Etna volcano. (b) Location (red dots) of the
Differential Optical Absorption Spectroscopy (DOAS) stations belonging to the Flame network around
the flanks of Mount Etna. (c) Map of Etna’s summit with the names of the main active craters: NE Crater,
Voragine, SE Crater, New SE Crater (NSEC), and Bocca Nuova comprising two pits (NW Bocca Nuova
and SE Bocca Nuova), modified after Neri et al., 2017. (d) Map of the SE flank of the Etna volcano, with
the black triangle showing the position of the summit craters magnified in (b), the 2018 lava flow field
in red with the yellow lines for the eruptive fissures, and the location of the monitoring cameras used
in this paper and comprising the INGV-OE network. The red dots are the thermal cameras Schiena
dell’Asino (ESR), La Montagnola (EMOT), Nicolosi (ENT), and Monte Cagliato (EMCT); with the
yellow dots the visual cameras CUAD (ECV) and CUAD, wide angle (ECVH), and Monte Cagliato,
wide angle (EMCH). The blue dot indicates the location of the radiometer (EBEL). VdB = Valle del
Bove depression.
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Several research articles have been focused on the interpretation of the events and especially of the
process of dike intrusion and the quantification of the intruded volumes in space and time [13,14,16,17].
In this paper, we describe the chronology of eruptive events on the basis of remote sensing observations
carried out from the INGV-OE network of monitoring cameras and from satellites. We added data
from a radiometer and from the DOAS (Differential Optical Absorption Spectroscopy) FLAME UV
scanners network to further constrain the release of particles and SO, gas flux during the eruption.
Our focus is on the effects of the intrusion process, which caused the explosive phenomena responsible
for the Catania International Airport disruption and of the emplacement of a lava flow field within
the barren Valle del Bove (VdB) depression. In doing this, our intention was to extract and test useful
parameters that can be used for hazard and risk assessment during eruptive crises [6,7,19,20].

2. Materials and Methods

The description of the eruptive activity here reported was obtained using the images recorded
by the INGV-OE network of fixed monitoring cameras, which is comprised of 13 visual and thermal
cameras. In our study, we used six of these, listed in Table 1, where we have also reported their main
features. We used the ECV (CUAD visible; ~27 km SSE from the craters, Table 1) and ECVH (CUAD
visible wide-angle) visual cameras to characterize the ash plume height both in proximal (within ~5 km
horizontal distance from the summit craters) and distal (~15 km horizontal distance from the summit
craters) positions. The ECV camera records images every two second that have been calibrated in
order to obtain a reliable plume’s height with errors up to 20% [21]. From these images, the plume’s
height can be estimated up to a threshold of 9 km above sea level (a.s.l.). ECVH is a wide-angle camera
located in the same position as ECV. It records images every minute that are not yet calibrated and that
have been used in combination with ECV, choosing the same times at both cameras to estimate the
height of the plume greater than 9 km a.s.l. and for distances up to ~15 km from the summit vents.
Comparing the images recorded by ECV with those of ECVH, we observed a greater distortion of
the ECVH images, which involved a greater error in the estimation of the plumes height, assessed at
+200 m, twice that of ECV (evaluated at +100 m).

ENT (Nicolosi thermal; 15 km SSE from the craters) has been used for the calculation of the height
and apparent temperature of the lava fountain and for the volume of erupted pyroclastics, obtained
following the method proposed and applied by Calvari et al [5,7]. ENT records the thermal images
every two seconds, and from these, we extracted one frame every minute in order to calculate the
volume of tephra that erupted during the opening phase of the eruptive fissures. We then used the
height of the lava fountain, obtained from these images and considered constant for the whole minute,
to calculate the initial velocity at the vent ([V = (ZgH)O'S], where V is velocity, g is acceleration of
gravity, and H is the fountain height) erupted by a conduit with a diameter of 30 m [5]. Assuming that
the vent area has a circular shape and using this velocity of the ejecta, we can calculate the flux of
volume of vesiculated material plus gas erupted by the vent, integrating this value through the whole
duration of the eruptive period. Considering that pyroclastics account for ~0.18% of the total erupted
fluids [7], we obtained the total volume of pyroclastics erupted during the lava fountain episode with
an estimated error of 20% [6]. In addition, ENT has been used to obtain the apparent temperature
during the phases of Strombolian activity that occurred at the BN crater after the end of the opening of
the eruptive fissure on the W wall of the Valle del Bove.

From EMOT (La Montagnola thermal; 3 km S of the craters), we isolated the frames displaying the
intense impulsive Strombolian explosions that occurred at BN between 11:00 and 12:49 on 24 December
in order to calculate the volume of pyrocastics erupted. In this case, being single explosive pulses,
instead of integrating the value for the whole minute, we summed the single values obtained for each
pulse, considering also in this case that pyroclastics account for 0.18% of the total fluids erupted.

Following the method proposed by Newhall and Self [22] and modified by Calvari et al. [7] for
Etna, we considered the erupted volume as the main parameter for estimating the magnitude of the
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eruption and its volcanic explosivity index (VEI), whereas the intensity is given by the instantaneous
effusion rate (IER), or the volume of ejecta per unit time [7,23,24].

Table 1. List of the fixed monitoring cameras used in this study and comprising the Istituto Nazionale
di Geofisica e Vulcanologia, Osservatorio Etneo (INGV-OE) network and of their features.

Camera Label Camera Type Location and Dls.tance Model Field of View
from Summit

CUAD, ~27 km SSE,

ECV Visible Canon VC-C4 [5] 3-47.5° [5]
35ma.s.l
. . CUAD, ~27 km SSE, 33°~93° (horizontal),
ECVH Visible, wide angle 35 masl. VIVOTEK 24°~68° (vertical)
EMCT Thermal Monte Cagliato, 8.5 km ESE, 1p 45350 [25] 320 x 240 pixels [25]
1160 m a.s.l.
.. . Monte Cagliato, 8.5 km ESE, 33°~93° (horizontal),
EMCH Visible, wide angle 1160 m sl VIVOTEK 249~68° (vertical)
La Montagnola, 3 km, . .
EMOT Thermal 00 o o FLIR A320 [5] 320 X 240 pixels [5]
ENT Thermal Nicolosi, 15km S, 730 m a.s.1. FLIR A40M [5] 320 x 240 pixels [5]
ESR Thermal Schiena dell’Asino, ~5 km FLIR A320 320 x 240 pixels

SSE, 1985 m a.s.l.

The satellite monitoring of the Christmas 2018 Etna eruption was performed using the HOTSAT
volcano hotspot detection system [26,27]. In particular, HOTSAT ingests mid and thermal infrared
data acquired by the Spinning Enhanced Visible and InfraRed Imager (SEVIRI), which enables almost
continuous monitoring (up to five minutes in rapid scanning service mode, with a spatial resolution
of 3 km at nadir), to output a hotspot location and to estimate lava thermal flux, effusion rate, and
lava volume.

When a hot pixel is detected, HOTSAT quantifies the thermal anomaly by computing the associated
radiant heat flux through the Mid-wavelength InfraRed (MIR) radiance approach of Wooster et al. [28].
Calculated for each SEVIRI image available during an eruptive episode, this allows the heat flux curve
that describes the event to be obtained. By adopting a direct relationship between the radiant heat
loss from an active lava flow and the effusion rate, and considering the extreme values of each lava
parameter [29,30] HOTSAT also provides minimum and maximum estimates of the time-averaged
discharge rate (TADR in m%/s) (i.e., the average effusion rate over a specified period). The integration
of the minimum and maximum TADR curves yields an estimation of the lower and upper bounds for
the dense-rock equivalent (DRE) volume of lava emitted.

From the satellite data, we also derived the plume top height. In order to obtain a good level of
detail in terms of spatial resolution, we used the Visible Infrared Imaging Radiometer Suite (VIIRS) data
acquired at 375 m by the joint National Aeronautics and Space Administration/ National Oceanic and
Atmospheric Administration (NASA/NOAA) Suomi National Polar-orbiting Partnership (Suomi NPP).
Assuming a thermal equilibrium between the plume top height and the atmosphere, we computed the
mean brightness temperature in the Thermal InfraRed (TIR) wavelength (band I5) of the plume pixels
and compared it with the temperature profile on Etna at 12:00 UT, obtained from the National Centers
for Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) Reanalysis
Project (available at http://www.esrl.noaa.gov/psd/data/reanalysis/reanalysis.shtml).

Complementary observations were provided by one of the three permanent radiometers integrated
in Mt. Etna’s multi-parametric summit stations (EBEL; Figure 1). The radiometer consists of an Optris
CT LT15F infrared thermometer (see [31,32] for instrumental details). For the radiometer recording, we
used an emissivity of 0.97, transmissivity of 0.85 (in agreement with the absorption effect of the external
protective lens used), dynamic range of 220 to 950 °C (to avoid signal saturation), and acquisition
frequency of 50 Hz. External temperature reference was automatically and simultaneously acquired
by the instrument. Considering the mean line-of-sight of ~1.9 km (radiometer to crater rim), the
radiometer field-of-view (FOV) consisted of a circular area of ~12.142 km? including the very top of the
NSEC rim, but with most parts being clear sky (in the absence of fumarolic/eruptive activity). Indeed,
integrated apparent temperatures were underestimated with respect to absolute values due to the
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broad radiometer FOV, the mixed nature of the different temperature components falling within it, and
factors affecting remote thermal measurements [33]. However, in this study, we were not interested in
absolute temperature retrieval but rather in the variations of the signal indicative of eruptive activity.

The bulk plume SO, flux released from the summit craters of Mt. Etna and from the eruptive
fissure of 24 December 2018 was measured during daylight hours by the FLAME (FLux Automatic
MEasurement) ultraviolet DOAS scanning spectrometer network [34,35]. The automatic network
consists of nine ultraviolet scanning spectrometers placed at a mean altitude of ~900 m on the flanks of
Mt. Etna and at a mean distance of ~14 km from the summit craters. Recorded open-path ultraviolet
spectra were reduced on-site by applying the differential optical absorption spectroscopy method [36]
and using a modeled clear sky spectrum [37,38]. SO, mass emission rate was automatically computed
inverting the SO, volcanic column amounts in the plume-profiles. Uncertainty in SO, flux ranged
between —22 and +36% [34,35].

3. Results

The data collected during Etna’s eruptive phase on the 24 December 2018 allowed us to characterize
the sequence of events, estimate the erupted volume of pyroclastics and lava flows, and obtain a
reliable measure of the elevation reached by the ash plume both in the proximal (within 5 km from the
volcano summit and up to 9 km a.s.l.) and distal (up to 15 km from the summit) positions. Next, the
data are presented and discussed.

3.1. Ground-Based Monitoring Cameras

The NSEC of the volcano was already the site of eruptive activity since November 2018, with mild
Strombolian explosions from its summit and a small lava flow field forming a fan of short flows on its
upper eastern flank (Figure 2).

-19
St 22-/J-204/8 01 JJ:0000 EMCT

Figure 2. (a) Infrared image from the Monte Cagliato EMCH visual camera recorded on 22 December
2018 at 05:45 showing a view from the east of the summit craters, with the location of the NE Crater
(NEC), Voragine (VOR), Bocca Nuova (BN), and New SE Crater (NSEC) erupting small lava flows from
its summit (in white). The black rectangle displays the area framed in (b). (b) Thermal image recorded
from the Monte Cagliato EMCT thermal camera on 22 December 2018 at 07:22 showing the active lava
flows spreading on the upper eastern flank of the NSEC (in white).

The main phases of the eruptive episode as observed from the network of monitoring cameras are
summarized in Table 2. The first signal of eruptive activity was detected by the network of monitoring
cameras at 07:38 on 24 December 2018, when we observed the emission of a puff of a dense and white
steam from BN (Table 2). The steam emissions became gradually more intense and frequent, and at
09:51, the first black (juvenile) ash emission occurred from BN, rapidly dispersed by the wind (Table 2).
At 10:03, BN started in erupting a pink (lithic) ash plume (e.g., [39,40]) that was diluted and continuous,
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overlapped to the steam emission, forming a weak plume bent E in the wind direction. At 10:41, a
black (juvenile) ash emission (e.g., [39,40]) also occurred from NEC, and at 10:55, BN started erupting a
very dark and thick ash cloud that was hiding inside Strombolian explosions and pressurized bursts of
hot products. At 11:11, we observed the opening of the first SE-trending segment (F1, Figure 3a,b)
of the eruptive fissure at the southern base of the NSEC at ~ 3000 m a.s.l. This was 700 m long and
attained a minimum elevation of 2850 m a.s.l., producing lava fountains and lava flows spreading
eastward in the upper western flank of the VdB. The eruptive fissure propagated down slope and at
11:30, a new sub-parallel, sinistral en-echelon arranged, 800-m long segment made of several explosive
and effusive vents formed (F2, Figure 3a,b), producing lava fountains and thin lava flows that ran fast
along the western wall of the VdB. At 11:42, a third short (tens of meters) N-S fissure opened N of the
NSEC at 3000 m a.s.l. (F3, Figure 3a,b), which remained active for only a few minutes, showing weak
Strombolian activity. At the same time, the southern portion of F2 spread further SE, from which lava
fountains also erupted, producing a thick ash plume that was hiding the scene.

Valle del Bove

Valle del Bove
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Figure 3. (a) Map of the 24-27 December 2018 lava flow (red outline) on a Google Earth image.
The yellow dashed lines F1-F2-F3 indicate the eruptive fissures. NSEC = New South-East Crater;
VOR = Voragine; BN = Bocca Nuova; NEC = North-East Crater. (b) Aerial view from east of the
eruptive fissures (F1-3, yellow dashed lines) and main lava flow emissions (red arrows). The lower
part of the F2 fissure between 2500 and 2400 m a.s.l. (on the left) formed a graben 30-40 m wide. At
higher altitudes, the graben was buried under the erupted pyroclastic products.

Overall, the eruptive fissure was about 2300 m long, and reached the minimum altitude of
2400 m a.s.l., propagating with a speed of ~0.7 m/s, which was the highest recorded at Etna in the last
110 years [41]. The opening of each sector of the eruptive fissure was accompanied by the spreading
of short (hundreds of meters) hot avalanches along the western wall of the VdB as well as by the
formation of lava fountains and abundant ash emission also obscuring visibility at the thermal images.
The lava fountain from the eruptive fissure was no longer visible at 11:48, after 37 min of eruptive
activity, but lava flows and Strombolian explosions continued, with explosions ceasing at F1 at ~12:00.
While explosive activity was going on at the lower portion of the eruptive fissure, BN produced
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74 explosive pulses between 11:00 and 12:49, with a frequency of one explosion every minute, and
with the height of the eruptive cloud of ~500-600 m above the crater rim. In the late afternoon of 24
December, three additional explosive sequences occurred at BN at 18:58, 19:04, and 20:27, forming hot
ash clouds, and after this, the crater displayed only degassing. Lava flow output from the lower part
of the eruptive fissure toward the VdB continued for a few more days until the early morning of 27
December. The lava flow field reached a total extension of 0.88 km? [42].

The lava fountain phase occurred during the opening and spreading of the eruptive fissure that
started at 11:11 and ended at 11:48, and lasted 37 min (2220 s). The maximum height of the lava
fountains was 950 m, recorded at 11:16 and at 11:18 (Figures 4 and 5), after only five minutes from the
starting phase of the eruptive fissure.
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Figure 4. (a) Maximum apparent temperature (°C) at one minute time lapse recorded by the ENT
thermal camera during the whole day on 24 December 2018, displaying the first thermal anomalies
at ~07:10 (ash emission from the summit craters), the lava fountain phase (with saturated values
between 11:12 and 11:39), and the explosions from Bocca Nuova crater recorded between 18:58 and
20:27. (b) Maximum apparent temperature (°C) at two seconds time lapse recorded by the ENT thermal
camera between 11:09 and 12:24, showing the lava fountain phase (between 11:11 and 11:48) with a
mostly saturated apparent temperature scale (130 °C), and a gradual maximum apparent temperature
decline during the following Strombolian explosive phase.
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The lava fountain caused the sudden spreading in the atmosphere of an ash plume that rose for
more than 9 km a.s.l. (estimated from ECV), and probably reached as much as 13 km a.s.1. (Figures 5a
and 6) as estimated from the non-calibrated images of ECVH (Figure 6).

Figure 5a displays a delay of four minutes between the maximum elevation reached by the lava
fountain (950 m at 11:16, Figure 5b) and that attained by the proximal ash plume (more than 9 km at
11:20, Figure 6C,H). Considering that the wind speed at that time was 15 m/s, this is consistent with the
formation of a weak plume bent eastward (for wind speed greater than 10 m/s, [7]).
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Figure 5. (a) Elevation (in meters above sea level, a.s.l.) of the ash plume retrieved from the calibrated
ECV camera (blue triangles) that allows a view of the ash plume up to 9 km a.s.l. and up to ~5 km
distance from the craters, and from the non-calibrated ECVH wide-angle camera (green triangles) that
allows for a wider perspective and to follow up the spreading of the plume up to an ~15 km distance
from the vent against time, compared with the height of the lava fountain from the eruptive fissure (red
triangles) obtained from the ENT camera. The maximum apparent elevation of the distal plume (green
triangles) was recorded between 11:29 and 11:33. (b) Elevation (in meters above the vent) of the lava
fountains occurred at the eruptive fissure against time (UT) recorded between 11:11 and 11:48 on 24
December 2018 from the ENT thermal camera.
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Figure 6. Frames recorded by the ECV camera (left) at 11:00 (A), 11:10 (B), 11:20 (C), 11:30 (D), and
11:50 (E), and corresponding images recorded by the wide-angle ECVH camera (F-J). The black squares
in the right frames display the area framed in the corresponding left image, which has the upper
boundary at 9 km above sea level [21].
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The total pyroclastic volume erupted from the eruptive fissure, calculated for the 37 min of the
lava fountain duration was ~250,000 m3, about 1/10 of the average volume erupted during the lava
fountains produced during 2011-2013 [5,7]. The time averaged discharge rate (TADR) calculated
over the 37 min of the explosive episode was ~113 m>/s, with a range of the instantaneous effusion
rate (IER) between 40 and 174 m?%/s. Wind speed during the opening phase of the eruptive fissure
was ~15-16 m/s, and the eruptive column formed an ash plume (weak plume) bent eastward in a
downwind direction, that rose up to an elevation of more than 9 km above the craters between 11:20
and 11:30 (Figures 5 and 6), and that far away from the summit of the volcano reached an approximated
elevation of ~12-13 km a.s.l. Whereas the TADR was similar to that obtained for the lava fountains
that occurred at Etna between 2011 and 2013, the duration of the explosive episode was at the lower
boundary of the events that characterized the preceding activity [7].

Table 2. Sequence of the main eruptive events detected by the INGV-OE cameras monitoring network
on 24 December 2018. NSEC = New SE Crater; BN = Bocca Nuova; NEC = NE Crater; FER = Eruptive
Fissure; VdB = Valle del Bove depression.

Time (UT) Crater Eruptive Activity Notes
Weak Strombolian activity from the summit Strombolian activity and
05:50 NSEC and small lava flows on the ENE flank of ¥
lava flows
the cone
07:38 BN + NEC Intense puff of white vapor Intense degassing

) Pulse of black ash emission suddenly . .
09:51 BN dispersed by the wind Strombolian explosion

) Pulse of black ash emission suddenly . .
09:58 BN dispersed by the wind Strombolian explosion

10:03-10:22 BN Diluted and coptmuous emission of Landslides within the
pink ash crater
10:22-10:30 BN Pulses of w}ute vapor emission gverlap to Intense degassmg and
the continuous emission of pink ash landslides
10:41 NEC Black ash emission Deep explosions?
10:42 BN + NEC Pink ash emission Intense degassing and
landslides
10:55-13:00 BN Start of bl.ack ash plume with pulsating Strombolian activity
eruptive phase from two vents
Opening of the first segment of eruptive
111 F1 fissure within VdB with lava fountain. Lava fountain from the
' Strombolian activity from the NSEC stops fissure
but the small lava flows continue
Opening of the second segment (F2) of .
11:30 P2 eruptive fissure within VdBwith lava L2 fountain from the
. fissure
fountain.

. Opening of the third (F3) fissure opened N . -
11:43 F3 of the NSEC Strombolian activity
11:43 F2 The F2 fissure spread further SE Lava foul'ntaln from the

fissure
~12:00 F2 The F2 fissure stopped at 2400 m a.s.1. Strombolian activity

3.2. Radiometry

Figure 7 reports the RMS (root-mean-square) of the 50 Hz of the integrated apparent temperatures
calculated over a time window of one min between 10:00 and 18:00 on 24 December 2018. The signal
represents the typical cooling curve shape on which several peaks overlap. Overall, it is possible to
distinguish six main phases in the signal development indicated in the figure as areas of different
colors. Area 1 (10:03-10:22) shows the first pulses induced by the presence of hot bodies/gases
entering the radiometer FOV, with no pulses recorded before 10:03 due to technical issues in the station
supply system. Area 2 (10:22-11:07) is characterized by two main increases of the signal, indicative of
additional thermal anomaly entering in the FOV, and thus represent increasing eruptive activity. Area 3
(11:07-11:28) is marked by a fast increase in the signal that reached the acme at 11:28. Areas 4 (11:28-40)
and 5 (11:40-11:48) show peaks in the thermal signal of minor amplitude that are likely due to the
intense volcanic ash emission entering the radiometer FOV, thus attenuating the thermal radiation [33].
Following 11:48 (Area 6), the signal gradually decreased though showed pulsing behavior, especially
between 13:08 and 15:02.
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EBEM Radiometer 24 December 2018

18

Integrated apparent temperature (°C)

NO DATA

-22
10:00 11:00 12:01 13:01 14:02 15:02 16:03 17:03 18:04

Time
(hh:mm)

Figure 7. Integrated apparent temperatures recorded by the EBEM radiometer on 24 December 2018.
Data reported are the root-mean-square (RMS) of the 50 Hz signal calculated over a time window of
one min. The colored areas in the graph indicate different phases of the eruptive activity and eruptive
fissure opening and developing.

3.3. Satellite Monitoring

The high temporal resolution of SEVIRI (e.g., 15 min and up to a 5-min sampling interval in rapid
scanning service (RSS) mode), enabled the near-continuous monitoring of the thermal activity of Etna
from 24 December 2018 at 08:19 (first hotspot) and 27 December at 16:57 (last hotspot). The peak
of activity occurred at midday on the 24 December, when a radiant heat of 17.5 GW was recorded
(Figure 8). After this peak, the thermal activity decreased exponentially, running out in about one
day. Converting the radiant heat flux into TADR, we obtained the minimum, mean, and maximum
estimates shown in Figure 8, with a peak of 81 + 24 m?%/s. Finally, integrating these three curves, we
computed that the DRE lava volume erupted during the eruption amounts to 2.5 + 0.7 x 10® m3.
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Figure 8. Time averaged discharge rate (TADR) and volume derived from the SEVIRI data processing
over Etna. The first hotspot was detected on 24 December 2018 at 08:19, while the last hotspot was on
27 December 2018, 16:57.

From the processing of the VIIRS image acquired on 24 December at 12:46, we also derived the
plume top height that was between 4.4 and 8.8 + 0.2 km, with a total length of ~125 km at 12:46 on 24
December (Figure 9). This was done by comparing the VIIRS I-5 channel brightness temperature with
the temperature profile extracted from NCEP-NCAR Reanalysis data over Etna at 12:00 UT.

Plume Top
Height [m]

8800

o, B VO

7700

6600

5500
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Figure 9. Plume top height derived from the VIIRS image acquired on 24 December 2018 at 12:46.
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3.4. SO, Flux from the Summit Craters

Between 16 and 29 December, the bulk daily mean plume SO, flux released by the summit and the
eruptive fissure of 24 December showed changes at both the temporal and magnitude scale (Figure 10)
coherent with the eruptive activity and with geophysical signal variation. Overall, the SO, emission
rates displayed a waxing-waning phase, which climaxed on the 26 December with the mean daily
value of 12,200 t/d and intraday emission up to 18,000 t/d. In particular, the flux after a few days of
slight decrease between 16 and 18 December, from 20 December, it increased gradually from a mean
value of 4000 t/d to 12,200 t/d on 26 December with a mean degassing rate of 1230 t/d. Soon after 26
December, the geochemical signal gradually dropped to the pre-eruptive value, reaching 3400 t/d on 29
December (Figure 10). It is worth noting that even though the main explosive stage of the eruption
occurred with the lava fountain on 24 December, the SO,-degassing regime steadily increased up to 26
December, consistent with the persistence of effusive activity from the lower end of the eruptive fissure,
with the explosive activity at the summit crater, the volcanic tremor at high level, and the occurrence of
the strongest seismicity on 26 December [16].

161 ==ash S
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2 |
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December 2018

Figure 10. Daily plume bulk SO, flux measured by the FLAME network between 16 and 29 December,
2018. The vertical bar shows the infra-day variability of the flux, and the red square is the daily flux
recorded on 24 December. In the upper-left of the graph is displayed the infra-day SO, flux measured
on 24 December, together with the eruptive activity taking place over the day (details are in Table 2).
The colored lines indicate the eruptive activity: ash emission (grey), Strombolian explosions (pale
blue), lava flows (yellow), and lava fountains (red). Uncertainty in emission rates range between —22
and +36%.
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Over the 13 days between 16 and 28 December (Figure 10), the SO, degassing regime displayed
mean flux values higher than the typical quiescent regime at both the daily and intraday scale.
In particular, the intraday variably of the SO, emission regime (displayed as vertical bar) was highly
variable and strictly connected to the eruptive activity observed. In the upper-left of the graph is
shown the SO, emission rates released during the lava fountain on 24 December. The graph shows
that the SO, degassing regime over the day was stable at high mean values and up to the threshold of
the typical quiescent degassing regime of 5000 t/d. In particular, the SO, flux decreased constantly
between 8:00 and 10:00 from 8000 t/d to 5000 t/d while Strombolian activity was going on from the
Bocca Nuova crater, to then reverse its trend at 10:30 and steadily increased up to 14,000 t/d at 11:20
with the opening of the eruptive fissure at the base of the NSEC, producing lava fountains and lava
flows. Afterward, though the flux decreased slightly, it remained at a sustained mean value of 9500 t/d
until 12:30.

3.5. Estimate of Expected Lava Volumes from An Eruption

During the last 40 years, the Etna volcano has shown a balance between the volumes of magma
erupted and those expected according to an emission law characterized by an eruptive rate of 0.8 m® s~!,
equivalent to ~25 X 10® m> per year [4]. Therefore, in the long-term (from years to decades) the volcano
shows a steady-state with an equilibrium between the incoming and outgoing magma, which also
allowed us to attempt a prediction of its future behavior in terms of expected volumes of magma to
be erupted.

From Figure 11, we can observe that after the end of the last main flank eruption of 2008-09,
which started on May 2008 and ended at the beginning of July 2009, the expected volume of magma
accumulated an unbalanced volume of about 40 x 10° m? until the end of 2010.

In the following years, this volume discrepancy was then gradually re-balanced by the volumes
emitted by the next several eruptions. In particular, the emitted volumes produced by lava fountain
activity in 2011-2013 (44 events), the episodes of effusive activity during 2014, the paroxysmal events
of Voragine (December 2015 with four close events and May 2016 with three close events) followed the
balancing law between expected cumulative volumes (i.e., incoming magma rate of 0.8 m3 s!) and
erupted volumes (i.e.,, magma emitted during the eruptive events from 2011 to 2016).

2,60E+08 - =
expecteddischarge rate (black line) and erupted cumulated outputs E
2,40E+08 > =

2,20E+08 - /

2,00E+08

1,80E+08 — j—--L
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Figure 11. Expected cumulative magma volume (black line with slope 25 x 10® m3 per year) and
cumulative erupted volume from the several eruptions (rhombus) at the Etna volcano in the last 10
years. The graph starts from the end of the last flank eruption of 2008-2009.
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Since the middle of 2016 (blue vertical dashed line in Figure 11), the discrepancy between the
expected and emitted cumulative volumes has increased. Even if there was a flank eruption, the
modest recent effusive activity on 24-27 December 2018 continued to not be enough to balance the
expected cumulative value. According to the proposed approach, by December 2019, the average
discrepancy of the cumulated and not emitted magma was about 50 x 10° m3. It is interesting to
underline that this expected value, obtained from a precise law deduced by direct measurements of
emitted volumes in the last 40 years [4], is however close to the ~64 X 10° m3 value estimated [43]
as the average magma volume leaving the Etna’s magma chamber during each eruption in the past
four centuries.

4. Discussion

The data presented in this study allowed us to follow the path of magma rising within the
shallow feeding conduit of the volcano triggering the Christmas eruption. It is worth noting that the
summit craters were already the sites of mild eruptive activity since early December, with Strombolian
explosions and small lava flows being erupted from the NSEC (Figure 2). Changes from the baseline
behavior of the volcano toward a state of potential eruption were also observed since late November in
the SO, emission, which showed steady anomalies with respect to the typical quiescent degassing
regime of Etna. On the morning of 24 December 2018, a new batch of magma entered in the uppermost
feeding system, causing a pressurization of the shallow conduit and an active intrusion. Marked strain
changes in the range of 5-40 x 10° were recorded from ~08:30 by the high precision borehole dilatometer
stations at distances ranging between 2.5 and 10 km from the summit craters. These changes were
interpreted as the tensile action of the uprising magma intrusion [44]. The first surface effects of the
ascending intrusion were observed between 10:03 and 10:22 (Table 2) by significant SO, gas emissions
together with hot pulses recorded by the radiometer (Figure 7, area 1, and Figure 10 inset), followed
later by small collapses of the inner walls of the upper conduit, revealed by the pink (lithic) ash
emission [39,40]. This activity is comparable, although at a different time scale due to the different size
of the plumbing system, to the pink ash emissions and small intra-crater landslides observed at the
Stromboli volcano a few seconds before the start of the 15 March 2007 paroxysmal explosive activity,
suggesting pressurization and shaking of the upper conduit [45-47]. The gas and lithic ash emissions
from the summit craters were rapidly substituted by dark (juvenile) ash emission [39,40], indicating an
increasing involvement of new magma entering the system, as also revealed by the steady increase in
SO, flux (Figure 10). At 11:11, the upward magma movement eventually caused ground fracturing and
the opening of an eruptive fissure (Figure 3). Its surface expression was featured by three segments
of fractures extending between 3000 and 2850 m a.s.l. for a length of 700 m and a propagation rate
of ~0.7 m/s, the highest recorded at Etna in the last 110 years [41]. During the following 37 min, lava
fountains erupted from the highest part of the eruptive fissures, reaching a maximum height of 950 m
above the vent after five minutes of activity and gradually decreased afterward (Figures 4b and 5), with
an average height of ~413 m. Within four minutes from the top height reached by the lava fountain, the
ash plume rose to the elevation of 9 km a.s.l. and grew further (Figures 5a and 6), supplying a weak
plume bent downwind, compatible with the wind speed of 15 m/s recorded at that time [7]. The ash
plume rose even more in a distal area within 15 km distance from the summit craters, being bent SE
and extended for an estimated distance of 125 km from the vent at 12:46 (Figure 9) and an estimated
maximum elevation of ~13 km a.s.1. (Figures 5a and 6). It is worth noting the good agreement between
the plume height inverted from the ECV and ECVH cameras and those obtained from the satellite at
12:46, with a range of 4.4 and 8.8 + 0.2 km obtained from the satellite compared to 4.0 + 0.1 km and
6.5 = 0.2 km obtained from the ECV and ECVH cameras, respectively. Applying the two formulas
proposed by Calvari et al. [7] for the NSEC and VOR lava fountains to obtain the maximum plume’s
proximal height, we obtained 9 and 12 km, respectively. Therefore, the recorded plume’s proximal
height of ~9 km (see Figure 5a) well fits the expected value of the law obtained for the lava fountains
from the NSEC. This supports the idea that the 24 December lava fountain was produced by the NSEC
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shallow plumbing system. The lava fountains erupted a total DRE volume of 250,000 m? in 37 min,
which was about 1/10 of the volume erupted by the lava fountain episodes that occurred at the same
volcano between 2011 and 2013 from the NSEC [5,7]. This volume was erupted at an average rate of
~113 m3/s over the whole phase, with a range of the IER between 40 and 174 m3/s. The lava fountain
phase was accompanied and followed by the emission of lava flows from the lower portion of the
eruptive fissure (Figure 3). The lava flow was erupted at a TADR (Figure 8) with a peak of 81 + 24 m?/s,
leading to a total DRE volume of 2.5 + 0.7 X 10® m?. This leads to a ratio between pyroclastics and lava
of 1/10. Following Newhall and Self [22] and Calvari et al. [7], these volumes correspond to a volcanic
explosivity index (VEI) of 2, which is at the lower end of Etna’s recent range [7]. The gas—SO; flux
data on the 24 December displayed a behavior consistent with the eruptive activity, decreasing from
the early morning until 10:30, when the rate started to increase, reaching a climax at the peak of the
lava fountain phase (Figure 10 inset). This trend in the SO, flux decrease before the explosive activity
has already been observed during previous lava fountain episodes at Etna [5], and is compatible with
foam growth and collapse at the origin of the lava fountain phase [5,48,49].

The 24-27 December 2018 lateral eruption occurred about ten years after the previous flank
eruption, which started on 13 May 2008 and ended after 417 days of continuous explosive and mainly
effusive activity on 6 July 2009. In 2008, the magmatic dike intruded into the northeastern sector of
Etna, triggering an intense seismic swarm and striking deformations that accompanied the opening of
a vast N-S to NW-SE fracture field [10,50]. Initially, the magmatic dike spread north, along the NE Rift,
until, however, it emerged on the surface at the opposite end of the fracture field in the upper SE flank.
In that area it produced a violent activity of lava fountains lasting a few hours, which subsequently
evolved into a long (over a year), fairly constant effusive activity. Therefore, at the end of the eruption,
the volume of erupted magma was quite significant, 77.5 x 10° m3 [41].

Comparing the 2008-2009 and 2018 lateral eruptions, it is immediately clear that they were similar
enough for the intensity of the initial seismic swarm and for the localized deformations in the area of
the eruptive fissures. However, in 2018, the seismic swarm and deformations did not end after the
opening of the eruptive fissure, but continued afterward, spreading to the southeast and highlighting a
probable attempt of the magma to intrude in the southern flank of the volcano. Similarly, the degassing
regime, in which the SO; flux persisted to increase even after 24 December and reached a peak on
26 December, indicating that a batch of magma reach in volatiles was still supplied from the shallow
portion of the feeding system (~1-2 km b.s.L).

The following portion of the eruption did not occur because the stress accumulated in that sector
triggered the vigorous movement of the SE flank of Etna (several tens of cm), also generating a 4.9 MW
earthquake that seriously damaged numerous inhabited centers [17]. It is therefore possible that these
deformations have drained the magmatic dike laterally in depth, preventing it from erupting on the
surface [16]. These results are in agreement with the estimated volume of magma accumulated within
the system and available to be erupted in the future, which is ~50 x 10° m3 (Figure 11).

The relationships between tectonics and magma dynamics, both at depth and at very shallow
levels of the volcano edifice, are certainly not new either to Etna or to other volcanoes worldwide.
However, rarely, as on this occasion, the cause—effect relationship between these two factors seems to be
clear and binding. We do not know how much the residual mobility of the magma is drained in depth,
but at present, we recorded a significant deficit of erupted magma with respect to the average eruptive
rates of Etna in the medium-long term. This scenario increases the need for extreme consideration in
the interpretation of parameters produced by the sophisticated monitoring networks to improve our
ability in the understanding and forecasting of potential lateral eruptions at Etna, which represent
the highest hazard due to the large population that resides, in particular, on the southern flank of
the volcano.
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5. Conclusive Remarks

The remote sensing data presented in this paper have allowed us to follow the path of new
gas-rich magma entering the volcano’s feeding system. This was displayed at the surface at ~7:00 on
24 December 2018 (Table 2 and Figure 6), when intense degassing was observed at the summit craters,
followed by ash emission and an intense but short lava fountain phase. The lava fountain attained
the height of 950 m (Figure 5b), feeding an ash plume bent eastward by the wind and growing to a
proximal elevation of 9 km (Figures 5 and 6), but extending for at least 125 km SE (Figure 9), reaching
a maximum distal elevation of ~13 km (Figure 5a). The volume of pyroclastics that erupted during
the 37 min duration of the lava fountain was ~2.5 X 10° m3, one order of magnitude smaller than the
lava fountain episodes of the NSEC that occurred between 2011 and 2013 [5,7] and much smaller than
the lava fountains of Voragine that occurred in 2015 [6]. The lava flow erupted during the explosive
episode and the next few days, obtained from satellite measurements, was an order of magnitude
greater and attained ~2.5 + 0.7 x 10® m3. This resulted in a VEI 2 eruption [7,22]. The small magma
volume erupted during this short eruptive phase has ~50 X 10° m3 of magma left that is still available
within the shallow supply system and is prone to be erupted during a future eruptive phase, and this
is growing at a rate of ~25 X 10® m3 for every year that passes without eruptions [4].
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