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The electrical signature of mafic
explosive eruptions at Stromboli
volcano, Italy
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Volcanic lightning is commonly observed in explosive volcanic eruptions of Volcanic Explosivity

Index (VEI)>2 and can be detected remotely providing real-time volcano monitoring information.
However, little is known about the electrical activity accompanying the lower-magnitude spectrum of
explosive eruptions, often involving mafic magmas. We narrow this gap in knowledge by presenting
the electrical signature of the explosive activity (VEI < 1) of Stromboli volcano (ltaly) recorded by an
electrostatic thunderstorm detector. The persistent eruptive activity of mild Strombolian explosions is
occasionally interrupted by larger-scale major explosions and paroxysmal events.

Here, we present electrical observations of three major explosions and unprecedented measurements
of the 3 July 2019 paroxysm. The electrical signals of the major explosions show apparent similarities,
with movements of charge and tens of electrical discharges, arising the question of whether these
observations could be used to supplement the classification scheme of explosions on Stromboli. The
electrical signals from the 3 July 2019 paroxysm exceed those from the major explosions in amplitude,
discharge rate and complexity, showing characteristic variations during different phases of the
eruption.

These results show that also impulsive lower-magnitude explosions generate detectable electrical
activity, which holds promise for monitoring low VEI activity at mafic volcanoes.

Electrical activity and lightning in volcanic plumes. Explosive volcanic eruptions generate changes
in the electric field and volcanic lightning'. An important component of plume electrification is the presence of
silicate particles, which are considered the main carrier of electrical charge in volcanic jets and plumes. Upon
explosion, the fragmentation of magma into pyroclasts>® (fragments of silicate melts) and their subsequent
collisions*® generate high electrical charge in the expanding volcanic jets. Under specific conditions, also ice
nucleation/riming”?, interaction with (sea)water’™!! and, to a lesser extent, natural radioactivity'>!* may con-
tribute to plume electrification. Besides these external effects, the distribution of charges in the evolving plume
creates the conditions for electrical discharges to occur’.

Volcanic plume electrification and lightning is commonly observed at volcanoes characterized by a Vol-
canic Explosivity Index (VEI) > 2, therefore being generally associated with intermediate to high-silica magma
compositions'*. The occurrence of volcanic lightning during explosive eruptions of basaltic composition was
reported for a wide range of plume heights (1-21 km), although considerably fewer reports were found for erup-
tions of VEI< 1%, such as Strombolian explosions'. Albeit experiencing brittle fragmentation'®, the reduced abil-
ity of such magmas to produce lightning activity is generally attributed to the low viscosity and high temperature
of low-silica magmas which promotes outgassing and gas-magma decoupling, often resulting in effusive erup-
tions or mild explosions'’. However, specific processes, such as molten fuel-coolant interaction (MFCI)*?, the
combination of strong magma foaming and geometrical obstructions'®, the obstruction of the conduit through
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talus accumulation or the presence of a magma plug, can result in enhanced explosivity and consequently
generate more volcanic lightning.

High-temperature experiments have investigated the production of electrical signals of basaltic magma upon
fragmentation'®?. The experiments indicate that formation of new surface area and subsequent particle cloud
expansion generate charge separation, which can be detected on a short timescale as an electrostatic field gradi-
ent. Electrostatic field gradients comparable to those measured in the experiments were detected during mild
Strombolian explosions**?!. Additionally, an electric potential gradient accompanied by electrical discharges
was recorded during an ash-rich major explosion on 7 September 2008

To further increase our knowledge of electrical activity accompanying basaltic eruptions, we carried out
long-term electrostatic field measurements on Stromboli volcano, Italy.

Study area. Stromboli volcano is well known for its persistent mild explosive activity since historic times?,
for which it is also referred to as “the lighthouse of the Mediterranean” (Fig. 1a). Although the number of active
vents changes frequently, the crater terrace of Stromboli consists of three main crater zones, the Northeast (NE),
Central (C) and Southwest (SW) crater zones (Fig. 1a,b)*. Due to its constant explosive conditions, Stromboli is
closely monitored by permanent geophysical networks of the Laboratorio di Geofisica Sperimentale (LGS) of the
University of Florence and the Istituto Nazionale di Geofisica e Vulcanologia (INGV) including seismometers,
an infrasonic array, tiltmeters, dilatometers, ground-based interferometric synthetic aperture radars, and visible
and thermal cameras®.

Volcanic activity at Stromboli.  Stromboli is characterized by continuous active degassing (puffing) alter-
nated with mild explosions (VEI ranging from —6 to —3'>%) that episodically eject variable proportions of
volcanic ash and incandescent ballistic particles to heights of tens to hundreds of metres every few minutes*?%.
This Strombolian activity, also referred to as “normal activity”, is fed by a degassed, highly crystallised, high
porphyritic (HP) magma of basaltic composition stored in the shallow (<2 km depth) plumbing system?*~*2. The
normal activity is occasionally interrupted by lavas flowing down the Sciara del Fuoco as well as major explo-
sions (VEI ranging from — 3 to 0%) and paroxysmal events (VE[ =0-1'>%).

Major explosions occur on average twice per year’>** (Fig. 1c). During these eruptions, multiple vents of one
or more craters simultaneously eject decimetre-sized ballistic blocks and bombs within a distance of hundreds of
metres from the crater terrace®**. The plumes are short-lived and can reach up to one kilometre height above the
crater rim*. The subsequent fallout of ash and light-lapilli is typically restricted to the slopes of the volcano®**.
The deposits commonly consist only of HP magma.

In the last 140 years, a paroxysmal event occurred on average every 3.85 years® (Fig. 1d). They are similar to
major explosions, but larger in magnitude, more violent and often accompanied by pyroclastic flows*>*. Par-
oxysms occur when deep (7-10 km depth) volatile-rich, crystal-poor, low porphyritic (LP) magma of basaltic
composition rapidly ascends to the surface, increasing the pressure either due to bubble growth upon decom-
pression or the accompanying rise of a gas slug?®—2 Deposits from the 1930, 2003 and 2007 paroxysms consist
of golden-coloured pumices, products of the LP magma, mixed with black scoriae, products of the HP magma,
indicating that the two magmas mingled shortly before and during the eruption®-*2. Typically all active vents
are involved from which metre-sized ballistic scoria bombs and blocks are ejected up to several kilometres from
the crater terrace?>*. The convective plume rises to several (>3-4) kilometres in height, followed by tephra
fallout beyond the coastline?**1637,

Here, we present the electrical signals recorded during three selected major explosions within 1.5 years,
and the 3 July 2019 paroxysmal event. Although volcanic lightning was reported during the 15 March 2007
paroxysm?®, it has never been measured during one of the paroxysmal events at Stromboli until now. Note that
we use the terms volcanic lightning and electrical discharge interchangeably to describe the detected signals.

Results

More than 40 Strombolian explosions of varying types (1, 2a and 2b*) were recorded on 11 and 12 June 2019 by
one of the Biral Thunderstorm Detectors (BTD1). An example of each type is shown in Supplementary Figure
S1%. During most of these explosions, the primary antenna recorded slow (~1-3 s) electrostatic variations. In
an aerosol-rich environment, such as a volcanic eruption, the majority of space charge will get attached to the
particles, with a smaller proportion of ions bound to the volcanic gases'’. The movement of charge as a result
of the ejection of charged volcanic products generates these slow-varying electrostatic signals. Some of the ash-
rich explosions additionally showed transient-like signals, the steep onset and decrease indicating a short-lived,
sharp change in the electric field, which correspond to small discharges following the explosions. Although the
results indicate that these explosions produce faint detectable electrical signals, the wide variety of explosions
(regarding the size of pyroclasts, ejection velocity and bulk volume) impedes our understanding of the origin of
these signals and requires a more thorough analysis. For this reason, the rest of this study will only focus on the
electrical activity produced by the larger explosions at Stromboli.

The sensor recorded a major explosion at each location: the 25 June 2019 major explosion (BTD1), the 19
July 2020 major explosion (BTD2) and the 16 November 2020 major explosion (BTD3)*. Additionally, BTD1
recorded the 3 July 2019 paroxysm*® (Fig. 1d). Detailed information on each explosion was gathered, inter alia,
from the weekly monitoring bulletins provided by INGV on www.ct.ingv.it and LGS on http://lgs.geo.unifi.it/,
and recently collected on the site https://cme.ingv.it/bollettini-e-comunicati (Table 1).

The 25 June 2019 major explosion. A major explosion occurred on 25 June 2019 at 23:03:08 UTC*. At
23:03:08.08 UTC (Table 1), BTD1 recorded a positive variation in charge, which changed polarity one second
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Figure 1. (a) Map of Italy (Inset), showing the location of Stromboli island (red star), together with a satellite
image from Google Earth (Imagery date: 7/7/2019—newer. Data SIO, NOAA, U.S. Navy, NGA, GEBCO. http://
www.earth.google.com [2 June 2021]). The location of the crater terrace (780 m a.s.l, encircled in white), the
three succeeding locations of the sensor (BTD1, BTD2 and BTD3, star symbols), and important localities (Pizzo
(918 m a.s.l.), Vancori (924 m a.s.l.), Punta Labronzo, Sciara del Fuoco, Rina Grande and Fossetta) are indicated.
(b) Drone image of the crater terrace, showing the Northeast Crater (NEC), Central Crater (CC) and Southwest
Crater (SWC) zones, and the locations of BTD1 and BTD3 close to Roccette. The drone flight was carried out in
June 2019%. (c) BTD3 installed close to Roccette on 9 October 2020. A Strombolian explosion (type 2b*°) from
the NEC zone is visible in the background. (d) Photograph of the 16 November 2020 major explosion. A large
part of the pyroclastic density current was the result of the collapse of the crater rim, evident from the reddish
colour. Courtesy of Adriano Di Pietro. (e) Photograph of the 3 July 2019 paroxysm taken from a sailing boat.
Courtesy of Francesco Rinauro.

later (Fig. 2a). This was followed by small electrical discharges shortly after (Fig. 2a), which is evident by the posi-
tive covariance (Fig. 2b). Approximately 7.3 s after the explosion onset, the last discharge was detected, which
had a measured voltage an order of magnitude higher than the preceding ones. The electrical signal returned to
pre-explosion background levels in about 48 s. The entire electrical perturbation caused by the eruption lasted
54s.

The strength of the electrical discharges is indicated by their charge moment magnitude, which is proportional
to the total charge neutralised by the discharge. Estimates of this value can be found from the current induced
on BTD1, which when integrated with time is proportional to the total charge transfer. Assuming the discharges
occurred at low-level above the active crater, the charge moment magnitudes from discharges during this major
explosion ranged from 0.2 to 2.0 millicoulomb metre (mC m) (Table 1).

The 19 July 2020 major explosion.  Even though BTD2 was installed at a much greater distance from the
crater terrace, it successfully detected the electrical activity generated by the 19 July 2020 major explosion. The
explosion onset was estimated at 03:00:42 UTC®. A positive charge variation was detected at 03:00:43.8 UTC
(Table 1), promptly followed by small electrical discharges (Fig. 3a,b). Several discharges with higher measured
voltages were detected approximately 5 s later. At 03:01:11 UTC a second explosion occurred, accompanied by a
new movement of charge, although of slightly lower magnitude than the one associated with the first explosion.
A third explosion occurred at 03:01:28 UTC, but no clear electrical signal was detected at this point. In total,
these three explosions lasted 58 s**. However, INGV reported that this phase was followed by several smaller
explosions*, which likely explains the three discharges detected at around 03:01:52 UTC. Afterwards, the elec-
trical signal continued to vary for several minutes. The charge moment magnitudes from the discharges gener-
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Major explosion Major explosion Major explosion Paroxysm
25 June 2019 19 July 2020 16 Nov 2020 3 July 2019
03:00:42 e
Onset time (UTC) 23:03:08%541 03:01:11 09:17:45%543 }ijigj‘égﬁ
03:01:28%>4 T
Active crater zone CC3>4 CC, SWC*»# NEC, CC, SWC*» SWC, NEC*#
Acoustic pressure (Pa) 170% >1500% 56247 N.A
Maximum particle ejection | ;4 45 78.22% 5451% 101.92%
velocity (m/s)
Plume height a.c.r. (m) ~500% >750% 1000% 84007
Explosion duration (s) 8% 583 543 160%
Onset of electrical activity | 553,58 08 03:00:43.8 09:17:44.87 14:45:43.63
(UTC)
El“sl)me until last discharge 73 68.2 13.13 S 4474
Number of discharges 37 80 49 >321
Maximum discharge rate
(discharges/5 s) 24 20 33 49
Distance between active 403 1556-1649 425-616 292
crater(s)—sensor (m)
Peak value of charge move- | 5 0.00065 0.033 0.023
ment at sensor (V)
Peak value of charge move- | ; g5 ;4 2.45x106-2.91x 10° 2.53x10°-7.71 x 10° 5.73x10°
ment at active crater (V)
Charge moment (mC m) 0.2-2.0 20-150 100-200 20-1000

Table 1. Eruption parameters and electrical measurements for the 25 June 2019, 19 July 2020 and 16

November 2020 major explosions and the 3 July 2019 paroxysm.
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Figure 2. Electrical data of the 25 June 2019 major explosion recorded by BTD1. (a) Voltage (V) measured by
the primary (black line) and secondary (orange line) antennas. Examples of movement of charge and electrical
discharges are indicated by the grey and black arrows, respectively. (b) The covariance (V) between the primary
and secondary signals. The red vertical line indicates the explosion onset.

ated by this major explosion were estimated to range from 20 to 150 mC m (Table 1), assuming they occurred at
low-level above the crater rim.

In addition to detecting electrical discharges and movement of charge, an oscillating signal with a frequency
of 8-9 Hz was observed in both the primary and secondary antenna time-series for the whole eruption (Fig. 3).
This oscillating signal started at 03:00:31.7 UTC (Fig. 3b), approximately 10 s before the explosion onset, and
shows time correlation with the first peak in seismicity recorded by the INGV?* and LGS seismic stations. The
signal amplitude correlates positively with the magnitude of charge variation (Fig. 3c), while electrical discharges
are superimposed.

The 16 November 2020 major explosion. The 16 November 2020 major explosion produced an elec-
trical signal similar to the 25 June 2019 explosion (Fig. 4a). Movement of charge was detected at 09:17:44.87
UTC (Fig. 4b), which corresponds well to the estimated explosion onset at 09:17:45 UTC* (Table 1). Electrical
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Figure 3. Voltage (V) measured by the primary (black line) and secondary (orange line) antennas of BTD2
during the 19 July 2020 major explosion. (a) Electrical signal detected during three separate explosions (red
vertical lines) at 03:00:42 UTC, 03:01:11 UTC and 03:01:28 UTC. (b) An oscillating electrostatic signal starts
approximately 10 s before the explosion onset (red arrow). Shortly after the onset, movement of charge (grey
arrows) and electrical discharges (black arrows) were detected. (c) The amplitude of the oscillation is correlated
to the magnitude of the charge variation. Electrical discharges are superimposed on the oscillations (black
arrows). The corresponding covariance (V?) between the primary and secondary signals is shown below for
panels (b) and (c).
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Figure 4. (a) Voltage (V) measured by the primary (black line) and secondary (orange line) antennas of
BTD3 during the 16 November 2020 major explosion. The red vertical line indicates the explosion onset. (b)
Movement of charge (grey arrows) and electrical discharges (black arrow) were detected almost immediately
at the start of the explosion. The corresponding covariance (V?) between the primary and secondary signals
is shown below. (c) Electrical signal likely caused by ash impact transients as confirmed by the corresponding
negative covariance (below).
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discharges started to occur almost simultaneously but decreased in frequency and magnitude 2 s later (Fig. 4b).
Assuming the discharges occurred at low-level above the active crater, the charge moment magnitudes from
discharges during this major explosion ranged from 100 to 200 mC m (Table 1). Approximately 13 s after the
eruption onset, a single electrical discharge occurred, with a measured voltage about one order of magnitude
higher than the preceding discharges (Fig. 4a).

At 09:20:00 UTC an electrical signal with dominantly negative covariance values was recorded (Fig. 4c),
indicating impact transients. INGV published images from monitoring cameras showing a pyroclastic density
current (PDC) flowing down the Sciara del Fuoco seconds after the onset*. Subsequently, both the ash plume
caused by the explosion and the ash cloud produced by the PDC seem to move in a west-southwest direction.
This is confirmed by weather data obtained from station LICT at Trapani Airport (Sicily, Italy) provided by the
University of Wyoming, Department of Atmospheric Science (http://weather.uwyo.edu/). At 12:00 UTC the
wind direction varied between 220° and 270° at heights ranging from sea level to the maximum height of the
ash plume (1000 m a.c.r., Table 1). Hence, it is probable that ash fell at BTD3, producing a signal of opposite
polarity at the two antennas.

Note that the peak change in charge and the measured voltages of the electrical discharges produced by the
16 November 2020 major explosion are in general 1-2 orders of magnitude higher than those produced by the
25 June 2019 major explosion, even though BTD3 was located further away from the active craters with respect
to BTDI.

The 3 July 2019 paroxysm. A paroxysmal event occurred on 3 July 2019 (Fig. 1d). Although a posteriori
analysis indicated the occurrence of anomalous seismic signals and heightened CO, emissions months before
the paroxysm***’, no clear precursory signals were detected by INGV and LGS at the time of the eruption. Both
institutes classified the volcanic activity in the week preceding the paroxysm as “moderate”

Preceded by lava extruding from all vents, the paroxysm started with a localised explosion at 14:45:43 UTC at
the SW crater zone and was followed by a second explosion at 14:45:53 UTC at the NE crater zone*’. Decimetre-
sized ballistics started falling close to Roccette 7 s after the start of the explosion, lasting for at least 7 s*’. This
was based on images taken by the Skyline webcam located at Roccette, approximately 100 m further away from
the crater terrace than BTD1. Pictures of the eruption column initially suggested a plume height of 5 km above
the summit of the volcano, but it was later estimated that the umbrella cloud reached a height of 9180 m a.s.1.*’.
The latter agrees with the observation of the Volcanic Ash Advisory Center (VAAC) Toulouse, which reported
the presence of ash at flight level FL300. A flash of volcanic lightning is visible in the top part of the convective
plume in a video taken offshore by a witness. Portions of the eruption column and the crater terrace outer rim
collapsed, forming at least two PDCs down the Sciara del Fuoco, which reached the sea at 14:46:29 UTC and
14:46:39 UTC, respectively, based on the LGS monitoring camera at Punta Labronzo®. They continued to travel
for approximately 1 km beyond the coastline.

The BTD1 remained visibly unscathed during the eruption, providing us with unprecedented electrical obser-
vations of the paroxysm. The paroxysm lasted 160 s* (Table 1), of which BTD1 recorded 45.35 s. The electrical
activity generated by this event was much more intense compared to the previously discussed major explosions.
Four phases of electrical activity can be distinguished (Fig. 5):

1. A slow varying electrostatic signal started at 14:45:43.63 UTC (Fig. 5b, Table 1), which corresponds to the
moment incandescent lava fragments emerged from the SWC zone and expanded radially (Fig. 1d), based
on the images of the INGV thermal cameras at Pizzo*’. Within a second, small irregular electrical variations
were detected, followed by the first electrical discharge at 14:45:44.85 UTC. Electrical discharges became
more frequent after 14:45:50 UTC.

2. After the second explosion at 14:45:53 UTC, both the magnitude of charge being moved and of the electrical
discharges increased by more than one order (Fig. 5¢). The peak charge change detected directly after the first
explosion was approximately 0.0009 V, which increased by more than 25 times (0.023 V) immediately after
the second explosion. We need to consider, however, that the second explosion occurred at the NEC zone,
177 m closer to BTD1 than the first explosion from the SWC zone. The difference in distance accounts for
an increase in magnitude of approximately four times, indicating that the change in magnitude is not solely
due to the shorter distance. Note that during the two explosions, higher peak values were reached, but to
compare it to the major explosions, we took the initial movement of charge caused by the explosion.

3. At 14:45:58 UTGC, the electrical activity evolves into a high-intensity phase. Here, the measured voltages of
the electrical discharges caused the primary antenna to saturate, meaning their measured voltage exceeded
0.78 V (Fig. 5a).

4. 'This is followed by an abrupt change in signal around 14:46:13 UTC, with mostly low voltage discharges
(occasionally interrupted by a larger discharge) and a relatively slow varying, high magnitude movement of
charge (Fig. 5a). This signal continued until the power was cut off approximately 15 s later.

The charge moment magnitudes from discharges during this paroxysm ranged from 20 to 1000 mC m
(Table 1), although the vertical extent of the plume increases the uncertainty of discharge altitude, making these
estimates more likely to be an underestimation. These discharges were therefore at least 500 times stronger
than those recorded during the 25 June 2019 major explosion and over 10 times stronger than the 19 July and
16 November 2020 major explosions, but still weaker than lightning typical of meteorological thunderstorms.
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3 July 2019 paroxysm detected by BTD1
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Figure 5. Voltage (V) measured by the primary (black line) and secondary (orange line) antennas of BTD1
during the 3 July 2019 paroxysm. The red vertical lines pinpoint two separate explosions at 14:45:43 and
14:45:53 UTC, respectively. Examples of movement of charge and electrical discharges are indicated by the

grey and black arrows, respectively. (a) The entire electrical signal of the paroxysm until the power cut. Four
different phases (1-4) of electrical activity can be distinguished. (b) The electrical signals recorded during

the first explosion with their corresponding covariance (V?) below. The red arrow marks the first electrical
discharge and the blue arrows mark small irregular variations in the electrical signal likely caused by pyroclasts
moving towards BTD1. (c) The electrical signals recorded during the second explosion with their corresponding
covariance (V?) below. Note the different scale on the y-axis of each panel.

Discussion

To our knowledge, none of the global thunderstorm networks recorded any volcanic lightning during the three
major explosions and paroxysmal event discussed here. On the contrary, our thunderstorm detector was able
to detect many electrical discharges and strong movements of charge, regardless of its position on Stromboli.
These results show that sufficient charging occurs during the fragmentation of hot basaltic magma to result in
volcanic lightning, albeit with a substantially smaller charge moment magnitude than lightning typically observed
during thunderstorms.

Major explosions. The similarities between the electrical signals of the three major explosions are evident
(Figs. 2, 3, 4), especially for the 25 June 2019 and 16 November 2020 events. The ejection of the gas-particle mix-
ture and consequent expansion of the jet produced a strong movement of charge, which was promptly detected
by the sensors at the start of each explosion. This shows that electrical signals could be valuable in pinpointing
the start of the explosions. The accompanied plume electrification resulted in many discharges of low measured
voltage almost immediately after the onset. Subsequently, the movement of charge reversed polarity due to the
rapid movement of charged gases and particles during the initial burst. These signals are comparable to the sig-
nal detected during the 7 September 2008 major explosion®. This could indicate a self-similar dynamic of such
explosions where the mechanism of fragmentation, particle ejection velocity and erupted mass are alike.

The single electrical discharge detected seconds after the start of the 25 June 2019 and 16 November 2020
major explosions likely occurred to neutralise most of the remaining charge and therefore had a higher measured
voltage than the previous discharges. The 19 July 2020 major explosion produced more of these high voltage
discharges. The first two main explosions of the 19 July 2020 major explosion generated a movement of charge
that was detected by BT D2 (Fig. 3a). INGV reported that the second and third explosions were less intense than
the first*. This observation fits with the electrical data. The magnitude of the charge change detected during the
second explosion is lower than the first, while no electrical activity was detected at all during the third explosion
(Fig. 3a). A possible explanation for the absence of electrical activity could be that the sensor was not able to
detect the weak change in charge generated by the third explosion at such a great distance from the craters. Note,
however, that a small movement of charge was detected at ~03:01:26 UTC (Fig. 3a). As images from monitoring
cameras sometimes make it difficult to pick the exact explosion onset, it could be possible that this is the true
onset of the third explosion.
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Although the maximum particle ejection velocities of the 25 June 2019 and 16 November 2020 major explo-
sions were almost equivalent, the explosion duration was longer and the plume height was twice as high for the
latter (Table 1)*. This suggests a higher magnitude, also evident from the higher acoustic pressure, and a greater
erupted mass for the 16 November 2020 explosion, which would result in stronger plume electrification. This
scenario agrees with our results, as both the measured voltages of the electrical discharges and the corrected
peak charge variation were 1-2 orders of magnitude higher during the 16 November 2020 explosion (Figs. 2, 3).
Also the number of discharges, the estimated charge moment magnitude, the maximum discharge rate and the
duration of electrical activity were higher (Table 1). In addition to its higher magnitude, the PDC that followed
the 16 November 2020 explosion, which largely resulted from the collapse of the crater rim as is evident from
its reddish colour (Fig. 1d), likely generated additional electrification, resulting in more electrical discharges.

The number of discharges, as well as the duration of electrical activity, were highest for the 19 July 2020 explo-
sion. This is not surprising, as this explosion consisted of multiple ejection pulses over several minutes instead
of a single explosion. Each pulse would generate renewed electrification by ejecting new material. Even though
the maximum particle ejection velocity was highest for the 19 July 2020 explosion, the maximum discharge rate
was lower than for the other two major explosions. These results suggest that the eruptive mass and the total
duration of the explosion play a more important role in the generation of electrical activity than the maximum
particle ejection velocity.

There is some debate about whether the 19 July 2020 explosion should be classified as a major explosion or
a paroxysmal event. In one study, volcanological and geophysical monitoring data were combined with remote
sensing techniques to classify explosions of variable intensity®>. They classified the 19 July 2020 explosion as
a paroxysmal event based on two parameters, the Very Long Period (VLP) size*® and the power of explosive
activity (VD parameter)®. On the other hand, INGV and LGS both classified it as a major explosion, based
on the magnitude of several geophysical parameters (seismicity and deformation) as well as the dispersion of
pyroclasts restricted to the slopes of the volcano*>*6. Moreover, the contained plume height would rather fit the
size of a major explosion (Table 1). The electrical signal accompanying this event shows more similarities with
the signals recorded during 25 June 2019 and 16 November 2020 major explosions and lacks the high-intensity
phase of electrical discharges characterising the paroxysm (phase 3, Fig. 5). The maximum ejection velocity, the
total explosion duration and the plume height were considerably lower than for the paroxysmal event (Table 1).
As a consequence, the 19 July 2020 explosion likely had weaker plume electrification and smaller charge regions,
resulting in less intense electrical activity. Therefore, based on electrical signals, the 19 July 2020 explosion would
fit the rank of a major explosion. Additional electrical data of both major and paroxysmal explosions at Stromboli
would supplement or even elaborate further the classification scheme of such events.

Of particular interest is the oscillating signal characterising the 19 July 2020 explosion (Fig. 3b). Oscillat-
ing signals can be caused by strong winds or ground movement. In the latter case, the antennas themselves
are rapidly moving in the electric field (due to ground-shaking), thereby producing a displacement current in
the antenna. The stronger the electric field, the higher the amplitude of the oscillations, as is evident from the
electrical data (Fig. 3c). Seismic signals recorded by INGV* and LGS show an increase in peak amplitude about
10-15 s before the main peak associated with the explosion. This coincides with the start of the oscillations in
the data at around 03:00:31.7 UTC. Hence, we conclude that the seismic tremor associated with the 19 July 2020
major explosion was recorded in the electrostatic data as a result of the oscillating antennas in the presence of
an increased electric field, creating an important link between these two geophysical parameters. As volcanic
lightning can be recorded by seismometers in the form of spikes or simultaneous gain ranging’!, we argue that
ground-shaking accompanying explosive eruptions may be recorded by electrical sensors coupled to the ground.

The 3 July 2019 paroxysm. Four different phases of electrical activity were distinguished within the 45 s
of data recorded during the 3 July 2019 paroxysm (Fig. 5), which can be tentatively matched to different phases
of the eruption:

1. The slowly varying electrostatic signals recorded following the first explosion were caused by the movement of
charge due to the growing and rupturing of a metre-sized lava bubble (Fig. 5b), as shown by thermal images
from the INGV monitoring cameras*. The small irregular electrostatic variations detected by the primary
antenna one second later, were likely caused by weakly charged pyroclasts moving towards and landing in
front of the sensor. Their weak charge was insufficient to induce a detectable opposite effect on the second-
ary antenna. The movement of charge reversing to a negative polarity in all probability corresponds to the
radially expanding, pyroclast-rich eruption jet passing over the sensor and moving away from it.

2. After the second explosion, the magnitude of the charge change and the discharges increased by an order of
magnitude (Fig. 5¢). We showed that the shorter distance to the NEC zone only accounts for a small increase
in the magnitude measured by the sensor. Instead, the additionally erupted material, which encountered an
already ash-contaminated and charged atmosphere, enhanced the plume electrification and consequently
generated discharges of higher magnitude™**.

3. While the plume continued to rise and grow by convection, the turbulence caused charged clusters to form,
further increasing the magnitude of the electric field*. As a consequence, electrical discharges became more
frequent (reaching the maximum detected discharge rate) and produced higher measured voltages (Fig. 5a),
saturating the primary antenna. Whilst these discharges were the strongest recorded during this campaign,
their estimated charge moment magnitudes of approximately 1000 mC m (0.001 C km) were still weaker than
that expected for thunderstorm lightning, which is typically 10-100 C km. It is however acknowledged that
the taller plume during the paroxysm and temporary saturation of the BTD antennas increase uncertainty
of these charge moment estimates.
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4. 'The abrupt shift in the electrical signal from discharges of high voltages to low voltages at 14:46:13 UTC
(Fig. 5a) seems to coincide with partial collapse of the plume and the subsequent PDCs flowing down the
Sciara del Fuoco, based on visible images taken by the LGS monitoring camera at Labronzo locality>. The
partial collapse likely resulted in charge removal from the volcanic plume, similar to the dissipating stage
of a thunderstorm, where the downdraft cuts off the updraft of a thunderstorm, weakening it and ceasing
meteorological lightning®. The turbulence of the PDCs generated new electrification. The movement of
charge caused by the fast-moving PDCs close to the sensor produced the slow varying electrostatic signal of
high magnitude. The charge clusters within the PDCs are probably smaller compared to those in the volcanic
plume. As these regions are less extensive, electrical discharges of smaller magnitude are expected to occur,
which is consistent with the last 15 s of the electrical data recorded by BTDI. It is uncertain whether the
occasional discharge of higher measured voltage occurred within the volcanic plume or the PDCs.

The electrical activity detected during the 3 July 2019 paroxysm was much more vigorous, in both magnitude
and discharge rate, and complex compared to the electrical signals detected during the major explosions. The
eruption duration, plume height and maximum ejection velocity were significantly higher for the paroxys-
mal event (Table 1), indicating higher material ejection rates. This would have greatly attributed to the plume
electrification, resulting in more electrical discharges with a larger magnitude. Despite this, the first electrical
discharge occurred at a later time with respect to the explosion onset when compared to the three major explo-
sions. Thermal images from monitoring cameras®>** showed lava overflows from all eruptive vents in the seconds
before the explosion onset, pushed out by a substantial gas pocket rising from depth. Due to magma properties,
the explosion occurred at shallow depths inside the conduit and manifested as a metre-sized exploding gas
bubble®, delaying the electrification processes. We speculate that this was further attenuated and delayed by the
magmatic temperature® of the erupted mass of the 3 July 2019 paroxysm, evident by the incandescence even
during daylight (Fig. 1d). Additionally, the greater magnitude of the explosion would have created a well-mixed,
chaotic flow with relatively small eddies, hindering the organisation of charge and the formation of clusters. On
the other hand, during the major explosions fragmentation most likely occurred at a deeper level in the conduit,
resulting in readily fragmented and charged material emerging from the crater.

The estimates of the charge moment magnitude from the detected discharges showed an increase with increas-
ing plume height between the four explosions discussed in this study (Table 1). The charge clusters building up
in the volcanic plume and subsequently discharged by volcanic lightning, may be proportional to the plume
volume. More extensive charge regions would result in higher charge moment magnitudes and correspondingly
produce larger lightning flashes.

Conclusion

The electrical activity of three major explosions and the 3 July 2019 paroxysm at Stromboli was detected using a
thunderstorm detector. Similarities in the electrostatic signal of major explosions were found: the emergence and
expansion of the plume produced a movement of charge at the onset, shortly followed by a few tens of electrical
discharges, with one or more discharges of higher magnitude towards the end of the explosion. We propose that
these recurrent observations could supplement the classification scheme used for the explosions on Stromboli
in future. In addition to these characteristics, an oscillating electrostatic signal was detected during the 19 July
2020 major explosion, which was most likely caused by shaking of the antenna due to seismicity.

The electrical measurements obtained during the 3 July 2019 paroxysm are unprecedented. The electrical
activity was much more intense and complex compared to the major explosions. Four phases of electrical activity
could be distinguished and were tentatively matched to different phases of the eruption. Particularly interesting
is the shift in electrical activity concomitant to the partial collapse of the plume and the subsequent onset of
pyroclastic density currents down the Sciara del Fuoco.

Although not further discussed in this study, normal Strombolian explosions also produced detectable electri-
cal signals. These results show that basaltic explosions at magmatic temperatures produce detectable movements
of charge and electrical discharges, which holds promises for monitoring low VEI activity at basaltic volcanoes
using robust electrostatic sensors.

Methods

Instrumentation. To detect electrical discharges in situ, a prototype of the Biral Thunderstorm Detector
BTD-200 was used. The detector consists of two grounded antennas: a primary antenna composed of a stainless
steel sphere that sits at the top of the sensor and a secondary antenna consisting of a stainless steel disc plate that
is situated directly below and is shielded by a black Acetal cap®*** (Fig. 1c). Both antennas detect slow variations
in the electrostatic field resulting from charge neutralisation due to electrical discharges®®®. Due to its greater
surface area, the primary antenna has the highest sensitivity, while correlation and decorrelation with the sec-
ondary antenna allow for the discrimination between electrical discharges and impact transients (ash falling or
charged precipitation) on the antenna®®®, respectively. In case of the latter, the primary antenna will produce a
transient change in the electric field as charge flows to the ground upon impact, inducing a current of opposite
polarity upon the shielded secondary antenna. The sensor measures within the extremely to super low frequency
range (1-45 Hz) at a sample rate of 100 Hz and has been modified to allow for GPS time synchronisation and
several years of data storage™.

The first detector, BTD1, was installed on Stromboli on 11 June 2019 and was operational for three weeks.
The related data set allows for distinguishing eruptive activity of different intensities and different phases of the
paroxysm. The sensor was installed northeast from the crater terrace, at a distance of 292 m from the NE and
469 m from the SW crater zone, respectively, and at an altitude of 774 m (Fig. 1a,b). Although BTD1 did not get
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damaged during the 3 July 2019 paroxysm (as well as the 28 August 2019 paroxysm), hot ballistics destroyed
the power system, effectively cutting off power and stopping the recording 45 s after the onset of the paroxysm.

Due to the apparent volcanic hazard after the 2019 paroxysms, access was restricted to an altitude of 290 m
a.s.l. A new detector, BTD2, was installed on 22 September 2019 at an altitude of ~190 m a.s.l. at the edge of
the Sciara del Fuoco near Punta Labronzo, at a distance ranging between ~1.55 and 1.71 km from the craters
(Fig. 1a,b).

As the intensity of the electric field decreases proportional to the distance cube , a closer location of
the instrument to the craters was preferable but unavailable in September 2019. On 9 October 2020, BTD2
was relocated close to Roccette at a distance ranging between 425 and 616 m from each crater zone and at an
altitude of 798 m, and was renamed BTD3 (Fig. 1a,b). At the time of writing, BTD?3 is still up and recording
continuously (Fig. le).

d60,61

Data processing. The analogue raw voltage output from the antennas is converted to a digital voltage (V)
used for calculation by the internal processors. Note that the resulting voltage is not the actual voltage of the
electrical discharge, but rather a signal proportional to the current induced by the atmospheric electric field
change associated with an electrical discharge. This depends on the distance of the sensor and the height at
which the discharge occurs. In general, charge movement, as a result of space charge attaching to the ejected
volcanic particles and gases, will produce a relatively slow-varying electrical signal, while electrical discharges
produce a transient, the steep onset and decrease indicating a short-lived, sharp change in the electric field. Elec-
trical discharges were identified using an adjusted version of the volcanic lightning detection algorithm used at
Sakurajima volcano, Japan®. Signals were interpreted as electrical discharges based on the following empirical
thresholds:

The signal needed to have the same polarity at both antennas (positive covariance);

The positive covariance is 20.5;

The ratio between the two antenna signals is > 3.0;

The signal-to-noise ratio (SNR) is >2.0 and > 1.1 for the primary and secondary antenna, respectively.

L

The covariance was calculated over a moving window of 16 samples (step size of 1 sample), while the noise
was calculated over a moving window of 128 samples (step size of 1 sample). Albeit the good accuracy of the
algorithm®, the low SNR of the secondary signal led to the omission of electrical discharges at certain times. On
the other hand, attenuation of the transient caused by an electrical discharge and oscillations in the electrical
signal occasionally met all criteria of the algorithm, resulting in wrongly interpreted discharges. These small
inaccuracies were manually corrected.

For each explosion, the total number of discharges and the maximum discharge rate per 5 s, with a step size
of 1 s, were determined. Also, the total duration of electrical activity was calculated. As it may take time for the
remaining charge to dissipate after the explosion, the last discharge is used to mark the end of the electrical
activity.

To compare the magnitude of the different explosions, the peak voltage of the charge movement detected
by the sensor shortly after the explosion, needed to be corrected for the distance cubed between the sensor and
the active crater®®®!. This provided an estimate of the magnitude of the initial charge moved at the active crater
during each explosion. Similar to the measured voltage of the discharges, this value is proportional to the cur-
rent induced by the atmospheric electric field change. Given the BTD output voltage is proportional to induced
current, the total charge neutralised by the discharge was therefore estimated by integrating the BTD output
voltage during the discharge and using a pre-determined conversion factor based on electrostatic modelling of
the sensor’s geometry and calibration during thunderstorms. This, combined with estimates of the distance to the
discharge and its height above the crater, are used to estimate charge moment magnitude using the conventional
vertical dipole field lightning model®".

These electrical measurements are compared to several eruption parameters, including acoustic pressure,
maximum particle ejection velocity, plume height above the crater rim (a.c.r.) and eruption duration.

Data availability
The electrical data is available here: Vossen, C. & Cimarelli, C. Electrical measurements of explosive volcanic
eruptions from Stromboli Volcano, Italy. GFZ Data Services. https://doi.org/10.5880/fidge0.2022.005 (2022).
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