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Determining the volume of the various types of products of a highly frequent active

volcano can be very difficult, especially if most of them are deposited on a growing

volcanic cone. The New South-East Crater (NSEC) of Mt Etna, Italy, may be considered

one of the best case studies because of tens of paroxysmal episodes which it produced

in the last few years. On 25-26 October 2013, a lava fountain at the NSEC produced

magma jets up to 500m high, a maximum ∼8 km high column, a multilobate lava flow

field 1.3–1.5 km long, and almost 30m of growth in height of the NSEC cone. Mapping

of explosive and effusive deposits allowed us to calculate the total volume of erupted

products, including lava flows, proximal, and distal tephra fallout, and the amount of

coarse pyroclastics on the cone. The estimation of the latter products was also confirmed

subtracting digital elevation models (DEMs) obtained at different stages of the NSEC

growth. Results show that the volume of tephra fallout away from the conewas only<5 %

of the total erupted magma, while the total volume of pyroclasts (distal plus proximal

fallout) was about a third of the lava volume. Our analysis suggests that, at least for the

studied event, three fourth of the involved magma was already partially degassed and

thus emitted as lava flows. Hence, the main distinctive character of lava fountains at Etna,

i.e., formation of eruption column and propagation of tephra-laden volcanic plumes to

tens of km away from the volcano, would not contribute significantly to the final budget

of erupted magma of the 25-26 October 2013 eruption. We therefore propose that the

same magma dynamics, i.e., similar magma distribution, probably occur also during

most of the common lava fountain episodes. Finally, we infer that quantifying the magma

budget from lava and tephra volumes erupted during the 25-26 October lava fountain

can give new insights into the mechanisms driving the eruptive behavior of Etna during

paroxysmal activity from the summit craters, and provide useful indications also in terms

of volcanic hazard.
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INTRODUCTION

The simultaneous occurrence of intense explosive and effusive
activity—often in brief, paroxysmal eruptive episodes—has been
observed at a number of basaltic volcanoes, such as Pacaya
(Rose et al., 2013) and Fuego in Guatemala (Lyons et al., 2010),
Klyuchevskoy in Kamchatka (Zharinov and Demyanchuk, 2016),
Manam in Papua New-Guinea (Tupper et al., 2007), Pavlof
in Alaska (Waythomas et al., 2014), Llaima in Chile (Romero
et al., 2013), and Mt Etna in Italy (Behncke et al., 2006; Calvari
et al., 2018). However, the exact volumetric contribution of lava
flows vs. proximal vs. distal tephra deposits has thus far not
been precisely evaluated for any of these volcanoes, although
it potentially bears significant implications for volcanic hazard
assessments.

The New South-East Crater (NSEC) of Etna (Figure 1) is
a young and still growing volcanic cone, which formed by
accumulation of lava and proximal pyroclastics (Figure 2a;
Behncke et al., 2014). These products were mostly emplaced
around a primordial pit-shaped vent located on the eastern flank

of the South-East Crater (SEC; Andronico et al., 2013, 2014a,b),
one of the summit craters of Etna, between 2011 and 2013, when
48 paroxysmal episodes or “paroxysms” took place (Corsaro et al.,

2017; Giuffrida and Viccaro, 2017). Eruptive activity after 2013
has led to the coalescence of the NSEC with the SEC, while most
recently, in the spring of 2017, effusive and Strombolian activity
from new vents caused the growth of a small cone in between,
and on top of, the two craters (Andronico et al., 2017).

The 25-26 October 2013 lava fountain followed a quiescent
interval of 6 months after a paroxysmal episode on 27 April
2013; it also opened a new “episodic eruption,” the third in
the period 2011–2013 (Andronico et al., 2014b), consisting of a
sequence of 8 paroxysmal episodes, the last of which ended on 1

January 2014. Rather fine weather conditions allowed continuous
observation of the 25-26 October eruptive activity: while lava

flows were confined to a radius of 1.5 km from the NSEC,
the more coarse-grained, cone-building fraction of pyroclastics
(hereafter proximal tephra) wasmostly deposited on the southern
half of the NSEC cone (significantly contributing to its growth;
Figure 2b), and distal tephra fallout (hereafter distal tephra) was
dispersed up to several tens of kilometers distance from Etna.
Remote sensing measurements, furthermore, retrieved aerosol
particle size dispersal to far as Lampedusa, more than 350 km
downwind (Sellitto et al., 2016).

Both effusive and explosive products were mapped and
sampled within the first few days after the end of the eruption.
This mapping allowed to quantify for the first time the
relationships between effusive and explosive activity in terms of
magma volume. In fact, although we consider the 25-26 October
episode as a unique eruptive event, during paroxysmal episodes
effusive and explosive activity occur from closed-space vents,
reflecting the different types of magma erupted, i.e., degassed
(lava flows) vs. gas-rich (tephra).

Here we consider dense rock equivalent (DRE) values for
volumes and Mass Eruption Rates (MER) estimated for the
output of lava and tephra (both distal and proximal), in order
to discuss the magma dynamics and its partition in the shallow

plumbing system during the 25-26 October 2013 lava fountain.
By detailing the effusive and explosive contribution of volcanics,
we take an in-depth look at the mechanisms that may drive the
eruptive behavior of Etna during a paroxysmal episode from one
of its summit craters.

THE 2011-2013 PAROXYSMAL ACTIVITY

Eruptive activity at Etna characteristically occurs either as
eruptions from vents on the flanks of the volcano (Neri et al.,
2011), or eruptions from one or more of the four summit
craters, NSEC, SEC, Voragine (VOR), Bocca Nuova (BN), and
Northeast Crater (NEC). Summit eruptions are often long-lived,
and especially in recent decades occur in the form of multiple
sequences of paroxysmal eruptive episodes. This type of activity
has been very common in recent years at Etna and particularly
at the SEC in 1998-2008 (∼130 episodes; e.g., Andronico
et al., 2014a) and the NSEC thereafter, when both craters
displayed “episodic eruptions,” i.e., sequences of paroxysmal
episodes (Andronico and Corsaro, 2011). These events are
characterized by powerful Strombolian to lava fountaining
activity, accompanied by the formation of eruption columns
(with tephra fallout extending over distances of several tens, and
rarely, hundreds, of kilometers from the volcano) and spawning
of lava flows onto the upper slopes of Etna (e.g., Alparone et al.,
2003; Andronico et al., 2014a; Behncke et al., 2014; De Beni et al.,
2015).

On 12 January 2011, summit activity resumed at Etna after 3
years of mild explosive activity mainly consisting of Strombolian
bursts and ash emissions (Andronico et al., 2013). The last
paroxysmal episode, in fact, had occurred on 10 May 2008 at
the SEC (Andronico et al., 2008b), 3 days before the beginning
of the 2008–2009 flank eruption (e.g., Aloisi et al., 2009). The
12 January episode opened a sequence of paroxysmal episodes
consisting of 25 lava fountains up to 24 April 2012 (Andronico
et al., 2014b; Behncke et al., 2014). Two shorter paroxysmal
sequences occurred also in 2013 (De Beni et al., 2015), exactly
between 19 February and 27 April (13 episodes), and between 25
October and 30 December (8 episodes).

As reported in several papers (e.g., Alparone et al., 2003),
each paroxysmal episode may be subdivided into three eruption
phases. The resumption phase is marked by the onset of
increasingly intense explosive activity at the summit vents of the
cone, which typically is accompanied by the opening of one or
more lower effusive vents producing low-rate lava emission. The
transition from powerful Strombolian activity to sustained lava
fountaining leads to the paroxysmal phase, the most critical phase
being characterized by the formation of an eruption column for
several kilometers above the vent and an exponential increase in
the effusion rate at the effusive vent(s). Finally, the rapid decline
of all eruptive phenomena up to their total cessation represents
the conclusive phase of the paroxysmal episode.

Episode after episode, the 2011–2012 sequence built the
NSEC cone on the eastern flank of the SEC. On this side,
a WNW-ESE trending eruptive vent-fissure repeatedly opened
during the paroxysmal activity, feeding virtually all of the lava
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FIGURE 1 | Shaded relief of Mount Etna summit area. The blue square encloses the summit craters: NSEC, New South-East Crater; SEC, South-East Crater, BN,

Bocca Nuova; VOR, Voragine; NEC, North-East Crater; VdB, Valle del Bove. Red polygons are the 25-26 October lava flows. Top right inset: map of southern Italy

showing the location of Sicily.

flows down toward the Valle del Bove. The 25 episodes in
2011-2012 were initially characterized by a low occurrence
frequency, which then increased in the period July-September
2011 with episodes recurring every 5-10 days. Moreover, the
2011–12 paroxysmal activity produced tephra fallout deposits of
similar order of magnitude in terms of mass loading and areal
extension.

During the two sequences in 2013, the NSEC started to
produce almost regularly lava flows also toward NE (February-
April) and SE (October-December). Furthermore, the 2013
activity was characterized by episodes strongly varying in
intensity. The 23 February and 23 November 2013 episodes are
among the most intense summit paroxysms observed in the
recent history of Etna: they produced tephra fallout up to 400 km
from the volcano (Poret et al., 2018a,b). Conversely, the last 2
episodes in December 2013 consisted of prevalently powerful
Strombolian activity alternating with rather discontinuous
fountaining.

THE 25-26 OCTOBER 2013 PAROXYSMAL
EPISODE

After about 6 weeks of sporadic ash emissions and weak
Strombolian activity from the NSEC, since the morning of
25 October 2013 the video-camera monitoring system and
the seismic surveillance networks of the Istituto Nazionale
di Geofisica e Vulcanologia, Osservatorio Etneo—Sezione di
Catania (INGV-OE) recorded a gradual buildup in Strombolian
activity accompanied by a marked rise of the volcanic tremor

amplitude. On the early morning of 26 October, the Strombolian
explosions blended into a continuous lava fountain about 250m
tall (Figures 3a,b), and an eruption column started to rise
(Figures 3c, 4a,b) above the summit of the volcano before being
bent toward WSW by the wind (Figure 3d). Initially this plume
consisted mostly of gas, but as the activity intensified, the amount
of pyroclastics in the eruption column increased, causing tephra
fallout on the slopes of the volcano and beyond (Figure 5).
At 06:21 GMT (=local time−2) on 26 October 2013 vigorous
ash emissions at the nearby Northeast Crater, the tallest of
Etna’s four summit craters at 3,329m above sea level (a.s.l.)
(Figures 1, 3b, 4c,d, 5), accompanied the magma jets from the
NSEC (Figures 4b,e,f), while occasional explosions occurred also
at the Bocca Nuova crater (Figures 1, 4g–i). Lava fountaining
continued at gradually increasing intensity up to about 500m in
height but without significant variations over the next few hours,
while the eruption column rose to up to ∼8 km a.s.l. (Corradini
et al., 2018) and then started to diminish at about 10:00GMT. The
paroxysmal phase (Alparone et al., 2003) of the whole episode,
i.e., the time during which we observed the volcanic plume fed
by the eruption column extending away from the volcano, lasted
∼8 h, with the most intense activity occurring between 06:00 and
09:00 GMT. Shortly after 02:00 GMT on 26 October, lava had
started to spill through a notch in the southwestern rim of the
NSEC, feeding a flow that expanded downslope to the southern
base of the cone, and then bifurcated into two main lobes on the
relatively flat terrain to its south and southeast. The effusion rate
increased notably at 04:00 GMT, when a portion of the crater
rim collapsed and widened the notch through which the lava was
overflowing.
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FIGURE 2 | The NSEC cone seen from south-southeast (a) before and

(b) after the 26 October 2013 paroxysmal episode. Vertical growth of the

cone, by ∼30m, is well visible in (b). Photos by B. Behncke.

In the ensuing waning activity, lava overflowed the
southeastern rim of the crater, feeding a flow that slowly
advanced through a deep trench that had been carved out of
the flank of the cone during the previous paroxysmal eruptive
episode, on 27 April 2013. This flow eventually reached a
length of 1.3 km, burying a part of a lava flow emitted on
27 April. Meanwhile, lava fountaining at the NSEC passed
into violent Strombolian activity, often producing powerful
explosions caused by the bursting of huge lava blisters, which
sent sprays of meter-sized incandescent bombs up to several
hundred meters high; most of these bombs were observed
to fall onto the northern base of the NSEC cone. By 13:00
GMT, eruptive activity was essentially over, although renewed
Strombolian activity occurred in the evening before the
eruptive episode ended for good shortly before midnight on 26
October.

The 25-26 October episode brought a few surprises, activity
at the NSEC was accompanied by prolonged ash emission at
the NEC and episodic explosive bursts at the Bocca Nuova. The
breaching of the south rim of the NSEC also opened a path
southward for lava flows during this and following episodes.
However, the effusive and explosive activity did not show any
evident qualitative differences in terms of eruptive style with
respect to other paroxysmal episodes, apart from the relatively
long duration of its paroxysmal phase.

METHODS

During a field survey carried out on 28 October 2013, GPS
measurements were performed along the lava flow boundaries
to map the lava flows, and at the NSEC in order to update
existing maps of the crater and its cone. In particular, 36
thickness measurements were acquired along the lava boundary
of the main lava field located on the south flank; 4.5 km of
the lava flow boundary were mapped in track mode (i.e., about
60% of the lava flow field). GNSS receivers were connected
(via cable) to a binocular laser rangefinder (for details: De
Beni and Proietti, 2010; Behncke et al., 2014; www.leica-
geosystems.com) for the absolute positioning and dimensioning
of inaccessible targets like the summit of the NSEC. The
northern portion of the south lava branch, the east branch
and the NSEC cone were instead mapped by integrating GPS
measurements, field observations and analyses of ground and
aerial visible photography. Moreover, the crater rim shape
and the fractures along the south-east and north-east flanks
of the NSEC were drawn thanks to a satellite image (http://
earthobservatory.nasa.gov/NaturalHazards). Joining thickness
measurements and camera observations carried out in the field,
we subdivided the lava field in different sectors characterized by
homogenous thicknesses expressed as minimum and maximum
values. The volume was calculated as area per thickness
for each sector, we finally summed all the values obtaining
the minimum and maximum values of the total lava flow
volume.

To compare the erupted magma volumes of the studied

episode to previous paroxysmal activity, we completely revisited
the data provided by two photogrammetric surveys in May 2012
and October 2014. In particular, we drew the base of the NSEC
cone ex novo as it was after the 25-26 October episode, then

we selected each lava flow emplaced on the cone and calculated
the lava volume on the cone and subtracted this volume from
the NSEC cone in order to obtain the volume of proximal
pyroclastics constituting the cone.

When mapping the fallout deposit, 13 tephra samples
(NSEC261013-1 to 13), representative of the whole area covered,
were collected on measured surfaces between 0.7 and 90 km
from the NSEC. This allowed us to cover proximal to very distal
outcrops based on increasing distances of mass per unit area

and grain-size of the fallout deposit (Andronico et al., 2014b).
Ten of the samples were dried in oven to quantify the ground
load per m2, draw an isomass map and measure grain-sizes
by CAMSIZER R© (Lo Castro and Andronico, 2008). Further,
using a binocular stereoscopic microscope (Nikon SMZ1500) we
evaluated the ash componentry of two, differently grain-sized
samples by counting 500 clasts for each one in the modal classes
0.250–0.5 and 0.125–0.250mm on the coarser (NSEC261013-3)
and the finer (NSEC261013-5), respectively.

Of the fallout deposit, we estimated the Total Erupted Mass
(TEM) by averaging the values from four different methods,
i.e., the model following the exponential thinning decay (Pyle,
1989), and its extended version (Fierstein and Nathenson, 1992),
power law fit (Bonadonna and Houghton, 2005), and Weibull
distribution (Bonadonna and Costa, 2012).
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FIGURE 3 | Images showing the evolution of the eruption plume of the 25-26 October 2013 paroxysm between 07:00 and 12:00 of 26 October. (a) Lava fountaining

and associated steam, ash and tephra plumes; (b) fountaining jets at the NSEC (left) and coeval dense ash plume from the NEC (right); (c) the dark gray eruption

column rising above the NSEC and culminating into a whitish, gas-enriched volcanic plume viewed from S; (d) eruption plume extending to the west of the volcano

viewed from the Ognina harbor in Catania. Photos by B. Behncke (a,b) and D. Andronico (c,d).

FIGURE 4 | (a) Lava fountaining activity as recorded by the INGV video-surveillance network: (a) Nicolosi visible camera (ENV), (b) Nicolosi thermal camera (ENT),

(c) Milo visible camera (EMV) (d) Monte Cagliato thermal (EMCT), (e) Montagnola thermal camera (EMOT), (f) Montagnola visible camera (EMOV); (g,h,i) sequence of

frames showing an explosion at the Bocca Nuova Crater (EMOT). Nicolosi and Montagnola cameras are recording from the S, the Milo camera from the SE and the

Monte Cagliato from the E. Times are GMT (local time: + 2 h). Frames (a,b,c,d,e,f) show the same eruption time (06:21).
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FIGURE 5 | Natural-color image collected by Landsat 8, showing the whitish eruption plume from the NSEC dispersed toward ∼WSW of 26 October, 2013 at 11:38

(local time). The darker, shorter volcanic plume above the NSEC plume is emitted from the Northeast Crater and is traveling at a lower elevation than the NSEC plume.

NASA Earth Observatory image by Jesse Allen and Robert Simmon, using Landsat data from the USGS Earth Explorer. Area of the image is shown in the index map

at upper left. Photograph© 2013, at https://eoimages.gsfc.nasa.gov/images/imagerecords/82000/82287/etna_oli_2013299_lrg.jpg.

FIGURE 6 | (a) Mega-block of sub-decametric size (dotted yellow line) that collapsed from the rim crater of the NSEC and was rafted downslope by the S lava flows

during the 25-26 October 2013 paroxysm. (b) The main lava flow lobe propagating toward South, in the background the peaks of the SEC and NSEC (on the left and

right, respectively); see person at top right for scale; (c) the lava flow surrounding the 1971 cone; (d) the southern lava flow threating the TdF seismic station. Photos

by D. Andronico.
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To evaluate the density of lava and tephra, we used values
of vesicularity from the literature. In particular, a range of
vesicularity has been assumed for lava due to the difficulty of
establishing a single value (e.g., Gaonac’h et al., 1996; Herd and
Pinkerton, 1997; Harris et al., 2007), that is an average porosity of
20%. As well as for lava, a wide range exists also for tephra density.
In this case, in fact, the density values may vary significantly
based on the grain-size of the clasts. Fine-grained clasts (e.g.,
ash particles) have poor or almost no porosity, while lapilli may
display a rather broad range of vesicularity. At Etna, however,
the commonly low thickness of tephra fallout deposits constrains
us to measure the weight per unit area instead of the thickness
at selected sites. Therefore, the total mass obtained for the total
deposit provides its DRE volume simply subdividing the TEM
(in kg) by the density of magma (2.7 g/cm3).

Evaluating an average density for the NSEC cone, instead,
is a major challenge due to its rather high heterogeneity, since
it is constituted mostly by tephra ranging in grain-size from
large clasts (up to meter-sized bombs) to lapilli and ash particles
(with varying degrees of compaction and welding) and minor
intercalated lava flows. For the purposes of our work, we collected
10 decimeter-sized fragments taken from a portion of the crater
rim that collapsed and was rafted downslope during the effusive
activity (Figure 6a), and we assumed them to be representative of
the cone for providing density measurements. These fragments
were dried, weighted, waterproofed with plastic wraps and finally
immersed in water, resulting in weights and volumes ranging
between 113 and 857 g, and 120 and 700 cm3, respectively,
which is equal to clasts from 8 to 18 cm (in dimension). By
measuring the excess water volume, we obtained a mean value
of density of 1.22 g/cm3, providing a vesicularity of ∼55% for
the cone. This value agrees well enough with the density value
estimated by Mulas et al. (2016) for the 1669 Monti Rossi cone,
considering it as consisting of coarse lapilli and bombs (without
lava intercalations), of 1.8 g/cm3. So far, in this paper we adopted
the value of 50% in order to compare our volume estimation with
the value used by Behncke et al. (2014) and De Beni et al. (2015)
to evaluate the growth of the NSEC in the period 2011–13. Due
to the irregular packing of volcanic particles (strongly varying in
size and density) which compose the NSEC, we believe that this
value can be considered reasonably realistic though conservative,
unless new estimates of volcanic cone density will be published.

RESULTS

Growth of the Cone During Paroxysmal
Events
The cone of the NSEC grew over a pre-existing subsidence
depression formed between 2007 and 2009 and significantly
enlarged due to minor explosive activity in 2010 (Andronico
et al., 2013); its growth has been then documented by repeated
GPS surveys starting from 2011 (Behncke et al., 2014). The NSEC
at the time of our study was mostly composed of large welded
scoriaceous bombs and blocks; on 26 October, some sizeable
blocks (3–5m) were torn from the crater rim and carried along by
the southern lava flow close to the 2002–03 cones (Figures 6a,b).
These blocks permitted insights into the structure of the inner
portion of the crater rim, consisting of scoria, spatter, and ash
layers of reddish-brown color. In Table 1 we reported the values
of the cone volumes for the 2011–12 and 2013 sequences. The
volume of the cone was estimated at 19 × 106 m3 by Behncke
et al. (2014) after the 2011–12 lava fountaining episodes, i.e., 0.76
× 106 m3 per episode. Furthermore, the difference between the
May 2012 and October 2014 DEMs (De Beni et al., 2015), when
22 paroxysmal events and a few Strombolian-effusive episodes
took place, provides a volume increase for the NSEC of 27.0 ±

0.8 ×106 m3. However, considering that the base of the cone

TABLE 2 | Volcanological parameters of the 25–26 October 2013 lava fountain

episode.

Type of deposit Bulk volume DRE volume MGER DRE

106m3 106m3 m3/s

Cone 0.90* 0.45 15.63

Tephra / 0.083 2.89

Lava 1.84 1.47 51.11

Total DRE volume 2.01

Total MER 69.63

We reported: the bulk volume increase of the cone, the bulk lava volume, and the dense

rock equivalent (DRE) volume plus the correspondent magma eruption rate (MGER) for

both cone (assuming 50% vesicularity), tephra fallout (30 %) and lava flow (20%) deposits.

The value marked by the apex (*) has been assumed by averaging the volume increases of

the 2011-13 episodes. The average DREMGER value from effusive and explosive deposits

is 69.63 m3/s.

TABLE 1 | Volcanological parameters of the NSEC cone during the 2011–12 and 2013 lava fountaining sequences.

Paroxysmal

sequence(s)

Number of

episodes

Total cone

volume

Cone volume increase

per episode

DRE total cone

volume

DRE cone volume

increase per episode

MGER DRE

total cone

106m3 106m3 106m3 106m3 m3/s

2011–12 25 19 0.76 9.5 0.38 68.54

2013 19 20.48 1.08 10.24 0.54 57.56

2011–

12+2013

44 39.48 0.90 19.74 0.45 62.37

We reported: the bulk values and the correspondent dense rock equivalent (DRE) values (assuming 50 % vesicularity) of the whole cone volume, the average volume increase for a single

episode of each sequence, the average values of the two sequences, and the magma eruption rate (MGER) of the DRE total cone volume (single sequence and average of the sum of

the two cones).
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was smaller on 26 October 2013 than the base on October 2014,
as deduced from field observation and GPS measurements, we
calculate a volume of 23.28 ±1.57× 106 m3 for the scoria cone
in October 2013. By subtracting the volume of the lava flows
emplaced over the cone in that period, we obtained a total volume
for the NSEC of 20.48 ± 1.69 × 106 m3. Dividing this value per
the number of events, we derived an average increase of the cone
volume of 1.08 ± 0.08 x 106 m3 for each paroxysm. By averaging
the previous two estimates, we assume that, from 2011 to 2013
the NSEC has grown by 0.90 × 106 m3 during each paroxysm,
a value we consider representative also for the volume increase
caused by the 25-26 October 2013 episode (Table 2).

Distal Tephra Fallout Deposit
During the paroxysmal phase, on 26 October, tephra fallout
extended to at least 130 km distance from the vent, beyond the
southern coast of Sicily (Figure 7a). The dispersal area of the
tephra was quite symmetrical and the deposit well-visible on
the ground due to almost constant direction of wind above the
volcano from ENE to WSW during the eruption. The load on
unit area declined very rapidly orthogonally to the dispersal axis.
Adrano, Centuripe (∼10 km WSW from Adrano), Caltanissetta
and, to a lesser degree, Enna were the towns most affected by
tephra fallout (principally ash); small amounts of fine-grained ash
reached also the urban settlements of Leonforte and Montedoro.

Along the dispersal axis, in the proximal area (at ∼1.4 km
from the NSEC), the fallout deposit formed a 3-cm thick bed
made of coarse ash to prevalently fine, black and iridescent,
poorly porphyritic, vesicular scoriaceous lapilli (85% of particles
in the range 1–8mm) with scattered pluridecimetric scoria
(Figure 8a), amounting to a mass load of 22.25 kg/m2. At medial
sites (∼5 km distant), we measured 4.7 kg/m2 of mostly fine
lapilli forming a continuous <2 cm-thick layer on the ground.
Further away, the tephra fall dropped to 0.4 kg/m2 in Adrano
(16 km distant), where we found a continuous, thin layer of
medium-sized ash (∼85% of clasts sized between 0.25 and 1mm;
Figure 8b). Finally, at distal sites the fallout consisted of fine
to medium ash particles, ∼99% of which were <0.25mm in
Caltanissetta (∼90 km from the vent).

Laterally away from the fallout axis, the tephra cover became
rapidly discontinuous; for example, close to Torre del Filosofo
(∼1 km from the NSEC; Figure 7b), the deposit consisted of
scattered 5–10 cm-sized scoria, with larger clots up to 40 cm,
while wemeasured 0.16 and 0.087 kg/m2 of tephra at only 2 kmN
and 3.3 km∼S (Figure 8c), respectively, off-axis from the Adrano
sample (16 km from the vent). Furthermore, within <1 km from
the NSEC, we found a low number of spindle- to fusiform-shaped
bombs with diameters mostly around 20–40 cm.

The two different analyzed grain-size classes of ash show
comparable componentry in both samples, the ash being almost
totally composed of juvenile particles (∼97% both), mainly
sideromelane (87.2% in the coarser sample and 91% in the finer)
withminor percentages of tachylite (9.8% and 5.8%, respectively).
The few present lithics are mostly gray-dark to gray lava particles
and secondarily reddish clasts, while crystals (mainly plagioclase)
are negligible (0.2 and 1.6%, respectively).

The fallout deposit was estimated having a TEM of 2.25± 0.76
× 108 kg, which is equivalent to a mean MER of 7.81 × 103 kg/s
providing a DRE magma volume of 8.33 × 104 m3 (assuming an
average density value of 2700 kg/m3; Harris et al., 2010) (Table 2).

Lava Flows
On early 26 October, lava overflowed from the crater above the
NSEC cone in three spots, two on the SW crater rim and one on
the E rim (Figure 7b). The first overflow from the SW rim fed
a narrow lava tongue that spilled southward, broadening on the
flat terrain at the southern base of the cone and expanding into
several lobes. Later, as lava fountaining intensified the effusion
rate increased, leading to the breaching of the crater rim in the
place where the lava was overflowing (Figures 6a,b), and to a
second overflow a few tens of meters further west, which fed a
rather narrow lava flow that spilled down the south flank of the
cone for about 100m before uniting with the earlier lava flow.

The resulting lava flow-field to the south of the NSEC
expanded into four main lobes (Figure 7b): one toward SW,
stopping at the base of the small 1971 cinder cone (Figure 6c);
another circled the NW base of the 2002–2003 cone (stopping
short of the “Torre del Filosofo” monitoring station that
fortuitously survived, only to be destroyed by the next lava
fountaining episode, on 11 November 2013; Figure 6d) and
coming then to a halt near the N base of the prehistoric cone
Monte Frumento Supino; the third advanced SSE near the NE
base of the 2002–2003 cone; finally, the fourth went toward SE,
reaching the site of the monitoring station “Belvedere” on the rim
of the Valle del Bove. The most advanced lava front, near Monte
Frumento Supino, was about 1.5 km from the NSEC. The eastern
lava flow was emitted at a late stage of the paroxysm, and spilled
down through a deep notch formed on 27 April 2013 in the flank
of the NSEC cone, largely covering a lava flow emitted at that
date, and stopping at a distance of about 1.3 km from the crater.

Based on the minimum and maximum values of thicknesses,
we estimate an average total volume of lava emitted on 26
October 2013 of 1.84 ± 0.44 × 106 m3 (Table 2), 86% of which
constitutes the main southern lava flow-field.

DISCUSSION

How Representative Is the 25-26 October
2013 Eruption Within the Paroxysmal
Activity of Etna?
In order to ascertain the representativeness of the 25-26 October
eruption among the almost 200 paroxysms that occurred in
1998–2015 from the SEC andNSEC, in the following we compare
physical parameters, textural features and observations on lava
and tephra deposits with previous, well-studied paroxysmal
episodes at Etna and particularly with the 2011–12 and 2013
sequences (Table 1). Our study shows that the paroxysmal phase
of the 25-26 October lava fountain lasted∼8 h, producing 1.84±
0.44 × 106 m3 of lava flows, and 2.25 × 0.76 × 108 kg of distal
tephra as fallout deposit (corresponding to a mean MER of 7.81
× 103 kg/s). Lava flows reached a maximum length of 1.5 km
from the vent, extending for 0.59 km2 at a mean effusion rate
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FIGURE 7 | Mapping of the volcanic deposits erupted during the 25-26 lava fountain 2013 episode. (a) Tephra fallout on the shaded relief of Sicily; the red lines are

the isomasses in kg per square meter (values in full white circles). Full white squares are the main cities in this part of Sicily (Catania, Enna e Caltanissetta). Full yellow

circles indicate some localities affected by the fallout (AD, Adrano; LF, Leonforte; MT, Montedoro). The bottom right inset shows the fallout deposit drawn over the map

showing all of Sicily. (b) The NSEC cone and the associated lava flows on the shaded relief of Mount Etna volcano. TDF is the location of a former alpine shelter buried

under recent tephra and lava, MFS is Monte Frumento Supino.
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FIGURE 8 | The tephra deposit associated with the 25-26 October 2013 distal fallout. (a) Proximal lapilli layer and 40-cm sized scoria deposited at about 1 km of

distance from the NSEC; (b) continuous layer of ash deposit along the dispersal axis at 16 km distant in Adrano; (c) lateral outcrop showing a scattered ash deposit in

Adrano. Photos by D. Andronico.

of ∼65 m3/s. During the paroxysmal activity, lava jets reached a
maximum height of 500m and the eruption column is estimated
to have risen to up to∼8 km a.s.l. (i.e.,∼4.7 km above the NSEC).

Paroxysmal Phase Length
The 25-26 October episode produced magma jets rising
on average between 300 and 400m (and maximum height
of 500m), a height range commonly observed for lava
fountains at Etna (Carbone et al., 2015). However, the 8 h-
duration of the paroxysmal phase (characterized by continuous
fountaining) was much longer than usual. Lava fountain
episodes exceeding 3 h, in fact, were only 12, 13 and 20%,
respectively, of the total number of episodes during the 2000
(64 episodes; Alparone et al., 2003), 2011–12 (25 episodes;
Behncke et al., 2014), and 2013 (20 episodes; De Beni
et al., 2015) sequences. In particular, the paroxysmal phase
duration is much longer than during the 2011–12 (from
0.5 to 4.5 h with mean duration of 1.54 h) and the 2013
episodes (from 0.2 to 8 h with mean duration of 2.6 h for 19
episodes).

Cone Growth
For the cone constructed during the 25 episodes of the 2011–
12 sequence from the NSEC, Behncke et al. (2014) evaluated
by field surveys a growth of ∼190m and a DRE volume of
9.5 × 106 m3 (proximal tephra; vesicularity of 50%). These
values are on average equivalent to a DRE volume of 0.38 ×

106 m3 per episode (Table 1). We also derived a DRE volume
for the 2013 cone (De Beni et al., 2015) of 20.48 × 106 m3,
corresponding to a DRE volume of 0.54 × 106 m3 per episode
(averaging 19 of the 21 episodes). By elaborating DEMs from
different periods, for the 25-26 October activity we assume,
in terms of erupted DRE volume, the average of the 2011–
13 period (44 episodes) of 0.45 × 106 m3 (Table 1). Such a
value is in good agreement with any average episode of the
2011–12 (slightly higher) and of the 2013 sequences (lower),
which was mostly characterized by large-scale fountaining
episodes (e.g., Andronico et al., 2015; Poret et al., 2018a,b in
revision).

Distal Tephra
The distal tephra fallout was characterized by a TEM of 2.25
± 0.76 × 108 kg, which is equivalent to a mean MER of
7.81 × 103 kg/s. These values are slightly lower than the 4–5
September 2007 (3.9 × 108 kg−1.1 × 104 kg/s) and 12–13
January 2011 (1.5 × 108 kg−2.5 ± 0.7 × 104 kg/s) lava
fountaining episodes (Andronico et al., 2008a, 2014b), but a
little higher than those calculated for the 24 November 2006
paroxysm (1.9 × 108 kg−5 × 103 kg/s; Andronico et al., 2014a),
characterized by alternating powerful Strombolian activity and
pulsating fountaining. Physical parameters, therefore, would
suggest that, during its 8 h of paroxysmal activity, the style and
intensity of the 25-26 October 2013 eruption was that of a small-
scale lava fountain (Andronico et al., 2015). Expressed in DRE
magma volume they provided TEM andMER equivalent to 0.083
× 106 m3 and 2.89 m3/s respectively (Table 2).

The componentry analysis shows that nearly all of the ash-
sized products (∼97 %) were constituted by juvenile material
(of which sideromelane particles were>87 %). In agreement with
the physical parameters, such high values are common during
fountaining activity (e.g., Andronico et al., 2008a) as it is well
suggested by the steady eruptive dynamics without any evidence
of significant variations in the magma flux throughout the
long paroxysmal phase, i.e., absence of significant syn-eruptive
phenomena (like inner sliding and collapses within the eruptive
conduit). This also permits to establish that the tephra forming
the distal fallout is almost all represented by new, fresh magma.

Lava Flows
The 25-26 October 2013 lava flows show unusual geometric
features when compared with other lavas of the 2011–2013
effusive activity (Behncke et al., 2014; De Beni et al., 2015). The
morphology of the two lava fields reflects the different slopes
of the NSEC cone, i.e., the smooth south flank and steep east
flank, over which lava flows propagated from the respective vents
up to only 1.3 and 1.5 km in around 8 h, covering a total area
of 0.59 km2 (Table 3) with average thicknesses of 3m. In spite
of the longer paroxysmal phase, the 25-26 October lava-covered
area is comparable to areas measured for the lava flows emitted
during the sequences in 2011-12 (25 episodes) and 2013 (11
episodes), which were respectively between 0.29 and 1.32 km2
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(mean value of 0.76 km2) and between 0.02 and 1.3 km2 (mean
value of 0.55 km2) (data estimated from Behncke et al., 2014 and
De Beni et al., 2015) (Table 3). Conversely, the lava flow length
is significantly lower than the mean length measured in 2011–12
(2.94 km for 25 episodes) and 2013 (2.06 for 11 episodes). The
DRE volume of lava emitted on 25-26 October 2013 is 1.47× 106

m3 (Table 2), higher than the mean DRE values of the 2011–12
and 2013 sequences of 0.90 × 106 m3 (averaged for 25 episodes)
and 1.04× 106 m3 (19 episodes), respectively (Table 4).

The 25-26 October lava flows were emitted at a DRE effusion
rate of 51.11 m3/s (Table 2), a value much lower than episodes
during the 2011–2013 sequences, where the mean effusion rates
are estimated 161.62 m3/s in 2011–12 (25 episodes) and 88.72
m3/s in 2013 (19 episodes) (Table 4).

Comparison between the 25-26 October event and selected
events or averaged values of the physical parameters/durations
of the 2000, 2011–12, and 2013 sequences shows that the study
event has a similar areal extent and DRE volume on the one
hand, and minor lava flow length and DRE effusion rate on the
other hand (compared to the 2011–13 paroxysmal sequences).
Conversely, the fallout deposit erupted as distal tephra is only
slightly smaller than other studied deposits, and the volume
increase of the cone during this event is comparable to the
average volume increase derived from the 2011-2013 sequences.
However, the longer duration of the paroxysmal phase along with
a significant lower DRE effusion rate during the 25-26 October
event seem to indicate a relatively slow emplacement of the lava
flows. We infer that their limited capability of advancing could
be related to the low content of gas in the lava, possibly fed
from a residual, degassed magma batch inherited from the first
paroxysmal sequence in 2013, which started on 19 February and
ended on 27 April. We conclude that, although eruptive style and

dynamics are fully overlapping and comparable with previous
events, the 25-26 October 2013 event is a small-scale paroxysmal
episode as confirmed by the longer duration of the paroxysmal
phase associated with a lower magma output.

Magma Budget Estimation From Explosive
and Effusive Deposits
In general, the estimation of the magma budget provided by a
volcano during its history is a good proxy for understanding
its magma dynamics, how the feeding system works (e.g.,
Wadge et al., 2006), and how magma (degassed or undegassed)
is transferred to the surface (Allard, 1997). The peculiarity
of a volcano, which erupts as frequently and often displays
episodic eruptions as Etna, also bears significant implications
for volcanic hazard assessments. Estimating the magma budget
available during paroxysmal events, in particular from the SEC
or NSEC, and as long as this value is constant or at least
similar within the same paroxysmal sequences, may be therefore
crucial for assessing their potential impact with time on the
territory. In other terms, how much is the magma erupted as
tephra (distal plus proximal) and lava? Does the ratio between
these two amounts change or remain constant as suggested by
recent studies based on the analysis of borehole dilatometers
(Bonaccorso et al., 2014)? While the lava flows may be evaluated
both using standard methods (mainly direct mapping and
subtraction of DEMs extracted from remote sensing data; Coltelli
et al., 2007; Behncke et al., 2014) and new techniques such as
infrared data from geostationary sensors (Ganci et al., 2012) and
near real-time production of DEMs (De Beni et al. under review),
calculating the portion of magma fragmented “explosively” is
more difficult. The most common models used for the fallout
deposits, in fact, do not sufficiently take into account the

TABLE 3 | Volcanological parameters of the NSEC cone during the 2011–12 and 2013 lava fountaining sequences, and the single 25-26 October 2013 paroxysm.

Paroxysmal

sequence(s)

Number of

episodes

Total lava

covered area

Total lava

length

Lava covered

area per episode

Lava length

per episode

Km2 Km Km2 km

2011–12 25 18.95 73.4 0.76 2.94

2013 11 6.02 22.7 0.55 2.06

2011–12+2013 36 24.97 96.1 0.69 2.67

25-26 October 2013 1 0.59 1.4

We reported: the total lava covered area and total lava length for the two sequences, and the average values per episode.

TABLE 4 | Volcanological parameters of the NSEC cone during the 2011–12 and 2013 lava fountaining sequences, and the single 25-26 October 2013 paroxysm.

Paroxysmal

sequence(s)

Number of

episodes

Total lava

volume

DRE total lava

volume

Lava volume

per episode

DRE lava volume

per episode

MGER DRE total

lava volume

106m3 106m3 106m3 106m3 m3/s

2011–12 25 28 22.40 1.12 0.90 161.62

2013 19 19.73 15.78 1.04 0.83 88.72

2011–12+2013 44 47.73 38.18 1.08 0.87 120.64

25-26 October 2013 1 1.84 1.47 51.11

We reported: the total lava volume (bulk and dense rock equivalent-DRE) and the correspondent average values per episode.
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coarse-grained tephra which does not enter into convection
within the eruption column. Conversely, during low- to mid-
intensity explosive eruptions, like lava fountaining and powerful
Strombolian events at Etna, which typically produce low, <10
km-high eruption columns a.s.l., the contribution of very coarse
clasts that coevally fall back into and closely around the active
vent of a rapidly growing scoria cone is significant.

Considering the contribution of proximal tephra and lava
flows emitted during the 2011–12 and 2013 sequences, we
quantified the average DRE magma volume erupted for episode.
For the 25 episodes of the 2011–12 sequence, we obtain a total
DRE volume of 31.9 × 106 m3, i.e., 1.28 × 106 m3 per episode,
a value similar to the mean DRE volume of 1.47 × 106 m3

estimated averaging 19 of 25 episodes by Ganci et al. (2012)
using a geostationary sensor (SEVIRI). Considering 138,600 s for
the combined duration of the paroxysmal activity of all eruptive
episodes (Behncke et al., 2014), we obtain a total mean DRE
magma eruption rate (MGER) of ∼230.16 m3/s, i.e., 68.54 × 106

m3/s and 161.62 × 106 m3/s the contributions from the cone
and the lava, respectively, without including the magma volume
erupted as distal tephra. By the same calculation averaging 19 of
the 21 episodes in 2013, we derived a DRE volume of lava plus
cone of 3.00× 107 m3, and a DRE MGER of 168.47 m3/s.

Considering the 25-26 October activity, in terms of DRE
erupted volumes we estimated 15.63 m3/s for the cone and 51.11
m3/s for the lava flows, respectively (Table 2). Such estimations
indicate that the cone increase was on average a fourth than
during the 2011-13 episodes (Table 1), while the lava output value
is almost a third of the mean value obtained for the 2011-12
episodes from Behncke et al. (2014), and∼half the value obtained
for 19 of 21 episodes in 2013 by De Beni et al. (2015) (Table 4),
suggesting that the lava effusion from the studied episode
occurred at a lower rate compared to the averaged values of the
2011-13 paroxysmal activity. In addition, we obtained 0.083 ×

106 m3 of magma DRE volume erupted as distal tephra, which
accounts for a further DRE MGER of 2.89 m3/s (Table 2); for the
2011-12 lava fountains, this parameter was only approximately
estimated by Behncke et al. (2014) and not calculated by Ganci
et al. (2012). Summing together proximal tephra, lava flows, and
distal tephra, for the 25-26 October paroxysmal activity we have
a total mean DRE MGER of 69.63 m3/s (Table 5). This value
is significantly lower than 230.16 and 146.28 m3/s derived by
Behncke et al. (2014) and De Beni et al. (2015) for the 2011-12

and 2013 episodic activity (lava and cone contribution without
distal tephra).

Magma Dynamics During Paroxysmal
Activity at Etna
In the literature, the eruptive mechanism invoked for describing
sustained lava fountains from the summit craters of Etna
(e.g., Allard et al., 2005; Andronico and Corsaro, 2011) is the
separate ascent of a bubble foam layer related to a gas-melt
separation. This is the collapsing foam model, which implies
the accumulation of volatiles at the top of the plumbing system,
the formation of a foam layer (e.g., Jaupart and Vergniolle,
1988, 1989; Vergniolle and Jaupart, 1990), and its dramatic
collapse emptying the magma reservoir. Allard et al. (2005)
postulated that the 14 June 2000 lava fountain at Etna was
supplied by a shallow magma body on top of which “repeated
growth and collapse of a bubble foam may have triggered
periodic lava fountaining.” They also measured distinct chemical
compositions of the gas driving the magma jets and the lava
flows, suggesting someway the separation from the parcel already
stored in the shallow reservoir resulting into the emission of
fragmented magma and degassed magma by distinct vents.
Polacci et al. (2006) inferred that the foam collapse process
may be followed and accompanied by syneruptive, although
minor, volatile degassing. Consequently, the occurrence of lava
fountaining suggests in general the availability of a pressurized
volume of magma (composed of solid, liquid and abundant
volatiles) in the shallow reservoir.

The 25-26 October lava fountain had a longer duration but
lower mean MGER than the respective mean values calculated
for the 2011–12 and 2013 sequences. Volcanological data, camera
recordings and direct observations show that the intensity of the
paroxysmal activity was relatively low. Noteworthily, most of the
magma emitted was discharged as lava flows and proximal tephra.
The distal tephra, in fact, represents only around 4% of the
total erupted DRE volume, while the total volume of pyroclasts
(proximal plus distal tephra) is lower (around 36%) than the
magma volume erupted as lava flow (Table 1). This means
that approximately three-quarters (i.e., 73%) of the magma
was emitted as lava flows, i.e., it was already degassed and/or
crystallized for the most part. The remaining >25 % of magma
was erupted explosively, and mostly (>80 %) fragmented and

TABLE 5 | Volcanological parameters of the NSEC cone during the 2011–12 and 2013 lava fountaining sequences, and the single 25-26 October 2013 paroxysm.

Paroxysmal

sequence(s)

MGER DRE total

cone volume

MGER DRE total lava

volume

Total MGER DRE

(cone+lava)

Total MGER DRE

(cone+lava+tephra)

m3/s m3/s m3/s m3/s

2011-12 68.54 161.62 230.16

2013 57.56 88.72 146.28

2011-12+2013 62.37 106.74 169.11

25-26 October 2013 15.63 51.11 66.74 69.63

We reported: the MGER DRE total cone volume, the MGER DRE total lava volume, the sum of the previous values and the MGER DRE tephra (see Table 2). DRE, dense rock equivalent;

MGER, magma eruption rate.
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deposited as coarse tephra clasts above the NSEC cone. Figure 9
summarizes the DRE magma volume (%) distribution as derived
from our work in terms of lava, distal tephra and proximal tephra
deposits.

In other terms, on 26 October 2013 the fraction of magma
erupted as tephra and transported in convection above the NSEC
was rather small compared to the magma emitted as lava flows
and cone-building tephra. The importance of the extruded lava
mass and of the effusive process in general is also suggested by
the detachment of blocks from the NSEC summit and carriage
downward. Noteworthy, the presence of a dark eruption column
above the volcano which then becomes progressively lighter-
colored for tens of km away from Etna could be related to high
amounts of water vapor (Figures 3c,d), but foremost points to a
relatively low discharge of tephra, the fine-grained part of which
diluted in the atmosphere.

Although the eruption column that typically accompanies
the common lava fountains at Etna is the most striking
eruptive phenomenon, and possibly the one, which distinguishes
this activity from the “fire-fountaining” activity at Hawaiian
volcanoes, its contribution in terms of magma volume, at least
for the studied event (but probably also for other small-scale lava
fountain episodes), was only a small fraction of the total budget
of erupted magma.

In conclusion, we infer that before 25 October, as already
proposed for past episodic eruptions (Andronico and Corsaro,
2011; Behncke et al., 2014), a cooling magma batch was resident
below the NSEC. This batch was extruded for the most part
as lava flows, possibly as result of degassing during the 6-
months-long residence in the shallow plumbing system since the
previous paroxysmal episode on 27 April. However, it opened
the plumbing system to the rise of more gas-rich magma, which
was erupted during the following five lava fountains episodes
(e.g., the exceptionally powerful 23 November 2013 episode;
Bonaccorso et al., 2014; Poret et al., 2018a) up to 2 December
2013, plus two powerful Strombolian events in the following
month. Similarly, for the 64 paroxysmal episodes that occurred
in January-June 2000, Andronico and Corsaro (2011) showed
that the ascent of new, more primitive and volatile-rich magma
triggered the start of this long episodic eruption, progressively
intruding into the SEC reservoir and mixing with the resident
andmore evolvedmagma, finally determining the composition of
erupted volcanics. Noteworthy, in the case of the 2000 sequence,
the more primitive magma was emitted only during the last
events.

The latter hypothesis is also in agreement with two recent
studies from Viccaro et al. (2014) and Giuffrida et al. (2018)
about the triggering mechanisms of paroxysmal episodes at
Etna. Viccaro et al. (2014) infer that textures and compositional
zoning in selected plagioclase crystals of lavas can explain
the relations between the duration of the paroxysms and
dynamics of pre-eruptive magmatic processes at depth. They
proposed a recharge by more mafic, gas-rich magma in case
of prolonged, ramp-shaped tremor increase, and conversely a
prominent role of gas injections into the residing system when
recording a sudden increase of the seismic amplitude before
the climax of the eruption. The 25-26 October 2013 episode,

FIGURE 9 | Schematic diagram of proposed magma (DRE %) distribution in

terms of lava, distal tephra and proximal tephra deposits erupted during the

25-26 October 2013 lava fountain at Etna.

indeed, shows intermediate features between the previous end-
members, because the tremor increase accompanying the initial
Strombolian phase was neither long nor short, while the
paroxysmal phase was clearly longer than usual. At the same time,
by studying lithium gradients in plagioclase crystals, Giuffrida
et al. (2018) suggest that, during the 2011–2013 paroxysmal
episodes, the fast recharge of gas-rich magma would have caused
the re-activation of the magmatic system after quiet eruptive
periods, thus enhancing powerful eruptions. We therefore
cannot exclude the presence of two distinct mechanisms which
concurred to open a short sequence of 8 paroxysmal events after
6 months of quiescence. We finally suggest that the rise of a
new mafic, gas-rich magma batch triggered the 25-26 October
episode and provoked the extrusion of degassed resident magma,
accompanied by the resumption of the Strombolian activity and
sustaining a long-lasting paroxysmal phase.

CONCLUDING REMARKS

The ascent of magma during paroxysmal eruptions and its
partition to produce disproportionate values of lava/tephra ratios
as well as a wide range of MERs have been never properly
investigated and debated at Etna. In spite of various research
on single paroxysmal episodes in recent years, to date only
this study quantifies, on the base of field data, the DRE
magma volumes erupted as proximal tephra, distal tephra, and
lava flows. The 25-26 October 2013 lava fountain deposited
a proximal tephra deposit of 0.45 × 106 m3 on top of the
NSEC cone (causing ∼30m growth of the cone), dispersed a
distal tephra fallout deposit of ∼0.083 × 106 m3, and emitted
∼1.47 × 106 m3 of lava flows. Considering 8 h of paroxysmal
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activity, the mean rate at which all the erupted magma was
supplied is 69.63 m3/s. The estimation of the total mass and
the relative percentages of lava and tephra may address the
evaluation of the eruption dynamics during paroxysmal episodes
at Etna, and gain insights into the wide spectrum of eruption
intensity (MER) and style (powerful Strombolian to large-scale
lava fountain events) observed in the last years at the summit
craters. Most importantly, our study highlights that, at least for
ordinary paroxysmal episodes, the magma budget distribution
is strongly balanced in favor of lava flows and proximal tephra
(accumulating around the NSEC cone and enhancing its fast
growth), while the distal tephra fallout seems to have a rather
modest importance in quantitative terms (i.e., only <5% of
the total erupted magma). A similar distribution of magma
(predominant output of lava flows/coarse tephra around the
cone than distal tephra) is coherent with the eruptive behavior
observed during the paroxysmal phase of most of the lava
fountain episodes at Etna, i.e., the start of lava fountaining and
formation of the eruption column, which are accompanied by
high-rate lava effusion.

In the future, further and more reliable estimations of
the different contributions of magma discharged as lava and
tephra during paroxysmal events are desirable. The application
of new measurement techniques (like drones and ground-
based photogrammetry) is likely to allow swift calculation
of detailed and reliable volume values, not only of lava
flows but also of the proximal tephra which accumulates
on top of the cone; for example, by subtraction of DEMs
focused on the NSEC cone just before and after an eruption.
Moreover, coeval and punctual geochemical measurements
of the gas plumes are recommended to correlate the total
SO2 flux and in situ measurements of gas phases (e.g.,
SO2, HCL, HF, and their relative ratios) with the eruptive
activity, thus allowing to validate the total volume of erupted
magma and possibly, its partitioning in terms of lava and
tephra.

Understanding the relationships between effusive and
explosive deposits (i.e., degassed vs. gas-rich magma) erupted
during single paroxysms, finally, may be greatly useful to
predict the evolution of such episodic eruptions and their likely
conclusion, and thus also to improve the assessment of the

potential volcanic hazard from future tephra fallout over the
densely populated slopes of Etna.
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