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Abstract
The seismic signals of majority Strombolian explosions show a two-phase structure that
may be the result of a two-stage explosive eruption. We quantify the parameters of two
proposed stages of Strombolian eruptions at volcanoes Arenal, Aso and Yasur using 193
seismic records and 18 acoustic signals and considering that the first stage of eruption
represents the seismically active process of the gas slug expansion and ascent (GSEA)
in the conduit and the second stage is associated with the gas slug burst at the surface. It
is shown that the radiated seismic energy of Strombolian explosions at volcanoes is
strongly dependent on the seismic energy radiated during GSEA. The seismic energy of
explosions is correlated also with the duration of GSEA process in the interval of

durations between 1.3 and 3.7 s. For shorter GSEA durations, the correlation is absent.

* Corresponding autor. E-mail vzobin@ucol.mx
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The acoustic energy of explosions is characterized by inverse dependence on the
durations of GSEA. These results demonstrate the influence of the GSEA process on the

surface manifestations of Strombolian explosions.

Keywords: volcano; Strombolian explosion; seismic signal; acoustic signal; gas slug;

plug.

1. Introduction

Strombolian-type mild explosive eruptions, named after the Italian volcano Stromboli
(Aeolian Islands) (Fig. 1) are characteristic for basaltic and andesito-basaltic volcanoes.
They are short (seconds to minutes), discrete, and produce eruptive columns or lava
fountains; they occur at quasi-regular intervals producing 3-5 explosions / hour with the
eruption columns of tens or hundreds of meters in height (Vergniolle and Mangan,
2000). Low viscosity silica-poor magmas of this type of volcanoes allow the efficient
segregation of the ex-solved gas from the magma and its independent rise (Harris and
Ripepe, 2007). A study of the long-time recorded seismic signals of Stromboli and
Erebus volcanoes allowed determining the Poissonian inter-time distribution function of
the Strombolian explosion-quakes (Bottiglieri et al., 2005; De Lauro et al., 2009). The
explosions are supposed to be driven by large gas bubbles, or slug (Taylor bubble),
rising up the conduit and bursting at the surface (Del Bello et al., 2012; Pering et al., 2017).

A slug of gas represents a particular type of gas bubble flowing through a liquid-
filled pipe. It is characterized by having a width comparable to that of the pipe and a
round- or bullet-shaped head and a cylindrical body. Gas overpressure within the

bursting slug governs explosion dynamics and vigor. At burst, a typical Strombolian
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slug (with a volume of 100-1000 m?) has an internal gas pressure of 1-5 bars and a
length of 13—120 m (Del Bello et al., 2012; Taddeucci et al., 2015).

The slugs may be formed by coalescence of smaller bubbles. The “collapsing
foam model” (Jaupart and Vergniolle, 1988) proposes this coalescence due to
accumulation at geometrical discontinuities. The “rise speed model” (Parfitt and
Wilson, 1995) supposes higher bubbles velocities in respect to the magma that may lead
to transition from bubbly to slug flow. Both models demonstrate that the process of
Strombolian eruption may be represented as the gas slug expansion and ascent within
the conduit with following burst of the gas slug. The laboratory experiments and field
studies (e.g., Lautze and Houghton, 2007; Gurioli et al., 2014) showed that the process
of gas slugs ascent and burst develops through the rheologically stratified magma within
a conduit. There was indicated the existence of an evolved high-viscosity magma region
at the top of the conduit, acting as a plug sealing the vent (Capponi et al., 2016).

Strombolian explosions are usually accompanied with seismic and acoustic
signals (Vergniolle and Brandeis, 1994; Chouet et al., 1997; Johnson, 2003). The
mentioned above modeling of Strombolian process allows to associate the appearance
of these signals with the development of the gas slug activity in the conduit and its burst
at the surface. Fig. 2A shows the seismic and acoustic signals recorded during the 1992
activity at Stromboli volcano at a distance of 150 m from the crater (Chouet et al.,
1997). A short-period seismogram of Strombolian explosion (vertical component of
ground velocity) consists of an initial (/P) low-frequency phase with dominant
frequency near 2 Hz, and the main phase (MP) of higher-frequency up to 10 Hz starting
1.1 s after the onset of the event. The onset of the higher-frequency signal was noted to
coincide with the visually observed onset of the eruptive jet, while no visible surface

activity could be linked with the precursory low-frequency onset. The high-frequency
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acoustic signal, shown in the same Fig. 2A, was characterized by an impulsive arrival at
about 2 s after the initial onset of the seismic signal.

In this article we apply the seismic and acoustic signals, produced by Strombolian
explosive events at Arenal volcano (Costa Rica), and the seismic signals, recorded at
Aso (Japan) and Yasur (Vanuatu) volcanoes, to quantify the parameters of Strombolian
eruptions. The locations of these three volcanoes are shown in Fig. 1.

Quantification of eruption parameters is performed in a frame of a conceptual
model, considering the expansion and ascent of gas slug (GSEA) within the
rheologically stratified conduit with the high-viscosity magma region (plug) at the top
of the conduit as the first stage of Strombolian eruption and the burst at the surface as
the second stage. The following parameters, derived from the seismic and the acoustic
phases, are discussed: the duration of seismically active process of the gas-slug
expansion and its ascent to the surface; the seismic energy radiated during the two
stages of explosion; and the acoustic energy of explosion. The empirical scaling
relationships of the mentioned parameters, calculated for three volcanoes, are discussed.
During the discussions, the decisive role of the process of GSEA on the eruption

manifestations is shown.

2. Eruptive activity of studied volcanoes and instrumentation
2.1. Arenal volcano, Costa Rica
2.1.1. Eruptive activity
Arenal volcano belongs to the Arenal-Chato volcanic system in north-western Costa
Rica (Fig. 1, Fig. 3B). It is a steep-sided, 1,657-m-high strato-volcano, that has a basal
diameter of around 8 km. Arenal is a young volcano, predominantly <4,000 years old,

whose products are mainly basaltic andesite in composition (Borgia et al., 1988; Cole et
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al., 2005). The volcano re-awakened on 29 July 1968 after 46 years of dormancy with
the VEI 3 explosive eruption (VEI is the Volcanic Explosivity Index; Newhall and Self,

1982) (http://volcano.si.edu/volcano.cfm?vn=345033; Alvarado Induni, 2000).

Three new craters, 4, B and C, opened on the western flank of the volcano during
the 1968 eruption (Fig. 3B). Beginning from the early 1970s, the activity migrated to
crater C. The volcano entered Strombolian phase in 1984 (Alvarado and Soto, 2002).
Since the mid-1980s and till the end of eruption cycle in December 2010, similar
patterns of spasmodic Strombolian explosions that ejected incandescent fragments and
propel ash-laden columns to heights of 0.5-2 km (Fig. 3A) took place from the crater C
(http://volcano.si.edu/volcano.cfm?vn=345033). The monthly numbers of explosions,

recorded during 1989-1994, reached from 400 to 2000 events (Alvarado et al., 1997).

2.1.2. Monitoring network

The simultaneous recording of seismic and acoustic signals was performed at Arenal
volcano by W. Melson (Smithsonian Institution, USA) during April and July 1991. The
seismic/acoustic station, S+4, was installed on the southern slope of the volcano at a
distance of 2.7 km from the active crater C (Fig. 3B). A Cole-Palmer analog-digital full-

size expansion card allowed recording of four direct channels (three-component seismic

velocity signals and acoustic signal) with precision of +0.1 millivolts. The seismic

channels were directly connected to the short-period (T = 1 Hz) Mark Products L-4-3D
geophone. The acoustic waves that accompanied the volcanic explosion were recorded

by the 33-2050 Sound level meter.

2.2. Aso volcano, Japan

2.2.1. Eruptive activity of Aso volcano
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Aso volcano is situated in the centre of Kyushu Island, Japan and comprises the Aso
caldera and post-caldera central cones (Fig. 1, Fig. 4B). The only active cone,
Nakadake, representing the 1506-meters-high peak of Aso volcano, is composed of
basaltic andesite to basalt. Its crater includes seven craterlets aligned N-S. During active
periods, its northernmost craterlet No. 1 (Fig. 4B) is characterized by Strombolian
explosions and phreatic or phreatomagmatic explosions (Nat. Cat. Active Volc. Jap.,
IMA,

http://www.data.jma.go.jp/svd/vois/data/tokyo/STOCK/souran_eng/souran.htm#kyusyu

okinawa).

The recent eruption activity at Aso volcano, within the Nakadake craterlet No. 1,
began on 25 November 2014 with a Strombolian explosion, causing ashfall and glowing
emissions. Strombolian ash eruptions (Fig. 4A) continued until the mid-May 2015

(BGVN, 2015).

2.2.2. Monitoring network

This study is based on the seismic information obtained from the crater-rim seismic
station KAF situated at a distance of about 150 m W from the active vent (Fig. 4B).
This station, belonging to the Aso Volcano Laboratory of Kyoto University and the Aso
Volcano Museum, was equipped with a short-period (T = 1 s) vertical velocity sensor;

the analogue signals were digitized with a 16 bit A/D (analogue to digital) converter.

2.3. Yasur volcano
2.3.1. Eruptive activity of Yasur volcano
Yasur is a basaltic scoria cone located on the south-western part of Tanna Island, in the

south of Vanuatu archipelago (Fig. 1). It is a relatively small volcano (361 m a.s.l. high,
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1500 m diameter). Present activity at Yasur cinder cone consists of Strombolian activity
(Fig. 5A), produced from three small active craters (denoted as A, B and C in Fig. 5B)
within a larger 400-m diameter crater. In August 2008, when the temporary seismic
deployment, whose data we use in this article, was carried at Yasur, all three craters

were active (Kremers et al., 2012; Battaglia et al., 2016a).

2.3.2. Monitoring network

A temporary seismic network was installed at Yasur volcano in 2008 (Battaglia et al.,
2016a). In our study we use the seismic signals recorded by the seismic station YOS5
(velocity, vertical component) installed at a distance of 650 m from the crater (Fig. 5B).
This station was chosen because of its proximity to the summit allowing good signal to
noise ratios for smaller events. The station was equipped with Agecodagis CDJZ short-

period sensor with a 2 Hz natural frequency connected to an Osiris digitizer.

3. Data used in this study

Strombolian activity may generate a great variety of seismic signals as was showed, for
example, by Battaglia et al. (2016a) and Spina et al. (2015) during their study of the
2008 Strombolian explosions at Yasur volcano. They noted that a large portion of the
recorded signals formed families of similar events.

For our analysis of Strombolian explosions, the seismic signals with a two-
phase pattern were selected. The selection was performed manually based on the
following criteria: two-phase signals and a good signal-noise ratio. The example of
waveform, which was selected for analysis, is a waveform recorded during Strombolian
activity at Aso volcano (Fig. 2B). It is similar to the waveform of Strombolian

explosion at Stromboli volcano shown in Fig. 2A, and a good signal-noise ratio allows
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us to pick the arrivals of initial and main phases with precision of +0.1 s. At the same
time, the waveform, shown in Fig. 2C, which was recorded during Strombolian activity
at Yasur volcano, has more complicated structure, with no similarity with the waveform

of Fig. 2A. These waveforms were not included in the database for analysis.

3.1. Arenal volcano
For this study, we have the signals associated with nineteen explosions. Fig. 6 shows the
simultaneous records of the seismic and acoustic signals associated with two
Strombolian explosions, occurring in April and July, 1991, and their Fourier spectra. In
the seismic signals (velocity, vertical components), the waveforms represent the two-
phase records (Fig. 6, A and D). The initial phases (IP, t, - ¢;) are relatively low-
amplitude signals. The main phases (MP, t; - t;) represent the spindle-type higher-
amplitude signals. The relation between the frequency content of two phases (Fig. 6, C
and F) is not constant, the initial phases may be of lower (Fig. 6C) or higher (Fig. 6F)
frequency than the main phases.

Acoustic signals arrived just after the main seismic phases (Fig. 6, B and E). The
amplitudes of acoustic signals of the explosions spanned over two orders of magnitude.
Depending on their intensity, they may be seen (Fig. 6A) or not (Fig. 6D) on the seismic

signals.

3. 2. Aso volcano

Totally 100 seismic signals, recorded during November 2014 to February 2015, were
selected for analysis. The seismic signals are similar having a two-phase structure (Fig.
7, A, C, and E). The stack of ten signals and corresponding Fourier spectra, presented in

(Zobin and Sudo, 2017), demonstrated that the waveforms have a good inter-cluster
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correlation. The initial phases (IP, t; - ¢;), are of lower frequency and smaller amplitude
compared with the following higher-frequency, higher-amplitude main (MP, t; - t,)
phases, marked by two arrows, labeled with (Fig. 7, B, D, and F). No high-frequency

signals of acoustic waves were seen on the seismograms.

3. 3. Yasur volcano

A total of 74 well-quality two-phase seismic signals, recorded at station YOS during 8
August 2008, were used for analysis. They were selected from about 2000 small events
that were recorded this day (Battaglia et al., 2016b). Fig. 8 shows the characteristic two-
phase seismic signals (Fig. 8, A, C, and E) and their Fourier spectra (Fig. 8, B, D, and
F). These signals are characterized by the initial (IP, ¢, - t;) low-frequency and low-
amplitude phases (indicated between labels) and following higher-amplitude and
higher-frequency main phases (MP) that are recorded after the label #,. The acoustic
wave onsets are seen at only about of 50% of selected seismic records (Fig. 8, A and C,

with air waves; Fig. 8E, without air wave).

4. The conceptual model of two-stage process of Strombolian explosions
The analysis of seismic and acoustic signals of Strombolian explosions is based on a
conceptual model of two-stage process of Strombolian explosions (Fig. 9A). The
following elements of the model are indicated:
1. Initial aseismic gas slug rise;
2. Seismically and acoustically active rapid gas expansion creating a gas
overpressure with the consequent rapid ascent of the gas slug towards the

surface;
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3. Partial collection of the gas slugs within the degassed, crystalline magma region
characterized by increased viscosity, or plug, at the top of the conduit with
following gas slug ascent to the surface;

4. Burst of the gas slugs ascending along the conduit or liberating from the plug.

The first stage includes the elements 2 and 3 of the model. The second stage

represents a burst of gas slug at the surface.

Fig. 9B illustrates the occurrence of two seismic phases corresponding to two stages

of the eruption. The seismic signal of /P is proposed to be generated during stage 1
when the over-pressurred gas slug within the volcanic conduit begins to be seismically
active, supposedly due to the start of rapid expansion of gas in the slug and the
consequent rapid acceleration of the gas slug towards the surface. It may be generated
also by the ascent of the gas slugs collected within the plug. The seismic signal of MP
is supposed to be produced during the explosion occurring at the surface due to the gas
slug burst (stage 2).

The proposed conceptual model of two-stage seismically active Strombolian process
is constrained by the following parameters derived from the two seismic and the acoustic
phases:

1. The duration of seismically active process of gas expansion and slug ascent,

GSEA, in the conduit or from the plug at the top of the conduit,
corresponding to the duration, ¢, — ¢;, of the initial seismic phase /P (Fig.
9B);

2. Seismic energy, E;, radiated during the two stages of Strombolian explosive

eruption, of the initial stage of seismically active gas-slug ascent and
expansion in the conduit, E g, and of the main stage of explosion, Es;;

3. Acoustic energy of explosion, E,,.

10
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These parameters will be quantified and their empirical relationships in the terms
mentioned above will be discussed. The significance of scaling relationships between

parameters will be checked at 99% confidence level.

5. Data processing
The quantification of parameters of two stages of Strombolian type eruptions, based on
the seismic and acoustic records of events, is performed in a frame of a conceptual

model described above.

5.1. Measurement of the duration of the initial seismic phase
As Fig. 9B shows, the duration of the initial phase, corresponding to GSEA4, is measured

as the interval between the time of arrival of the two phases of /P and MP, t, - t; .

5. 2. Calculation of the seismic energy radiated during the two stages

The seismic energy, E;, radiated during each of two stages of Strombolian explosion,
was estimated assuming a point-source and considering the medium as isotropic and
homogeneous. It was assumed also that surface Rayleigh waves dominate the seismic
signal of volcanic explosions (Tameguri et al., 2002; Zobin et al., 2006; Nakamuchi et
al., 2017). The following equation was used to calculate the seismic energy radiated
during each of the two stages (Hibert et al., 2017):

T;
E; = 2rrphce™ f|u|2dt (D).
T;

Here u is the seismic signal (velocity), taken as the /P or MP phase; T and T, are the
initial and final times of the /P and MP phases (¢, — t; or t;— t,; Fig. 9B), respectively; r

is the distance between the event and the recording station, assuming the epicenters of

11
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explosion events at the volcano summit. Within these calculations, p is the density of the
rocks forming the volcanic edifice; ¢ is the mean group velocity of Rayleigh surface
waves in the region of volcano; /4 is the thickness of the layer through which surface
waves propagate; o is a damping factor that accounts for anelastic attenuation of the
waves.

The parameters, used for calculation of the radiated seismic energy for each of
three volcanoes, are listed in Table 1. The damping factor a = Af’ for Rayleigh surface
waves, recorded at near stations, was calculated using the empirical parameters 4, taken
as 2.4x10* m”, and y = 0.4, which were obtained by Levy et al. (2015) for Soufriére
Hills Volcano. Parameter f corresponds to the peak frequency of seismic signals. As
seen in Fig. 6-8, the durations of the initial phases, corresponding to GSEA, may be
shorter than the periods corresponding to peak frequencies of seismic signals. In these
cases, the radiated seismic energy of these signals was not calculated.

The use of only vertical components of short-period seismic signals for
estimation of the radiated seismic energy of explosions does not allow us to calculate
the total seismic portion of the explosive energy. At the same time, the calculations
performed for the explosions of three volcanoes with the same type of instruments give
them comparable in the frame of article.

As was noted by Pyle (2000), the seismic portion of the total energy of an explosion

represents about 107 of the total energy of the explosion.

5. 3. Calculation of the acoustic energy of explosion
Acoustic energy, E,, radiated during the Strombolian explosion process, was calculated
for the Arenal volcano using the following equation (Johnson and Aster, 2005):

T;
Eq = 27r°p o ¢ aim I | APl 2 dt (2)

12
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Here T, and T, are the initial and final times of the acoustic signal; » = 2.7 km is the
distance between the crater C of Arenal volcano and the recording station S+4 (Fig. 3),
assuming the epicenters of explosion events at the volcano summit; p,,, = 1.2 kg / m3 is
the air density; c,,» = 0.340 km /s is the sound speed; 4P is an excess pressure taken
from the acoustic signal.

The constant distances r, taken in Table 1 for each volcano and assuming the
epicenters of explosion events at the volcano summit, were proposed in Eq. (1) and Eq.
(2) due to the absence of instrumental locations of the events. The errors in estimation
of E; and E,, considering possible variations in » within 0.2-0.5 km, may reach about

10%.

6. Results: Parameters of the conceptual model of two-stage Strombolian
process and their scaling relationships

The seismic energy Ejs, radiated during the explosion stage of the Strombolian

explosions at the three volcanoes, discussed in the article, ranges within six orders, from

10° to 108 J (Fig. 10), demonstrating a wide spectrum in size of discussed events,

beginning from low-size puff-type events recorded at Aso volcano to the large-size

explosions at Arenal volcano.

61 ES]S! VS. EsMSt
The seismic energy, Eyg, radiated during the GSEA in the conduit at the three
volcanoes, ranges for our 187 events from 1.5x10° to 6.3x10* J. Fig. 11 demonstrates a

strong log-log dependence of the Ej, on the E s, These parameters are correlated with

13
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the coefficient of correlation R = 0.93 (Rriwvee, = 0.19) and their maximum likelihood

log-log power-law regression is

LOg EsMSl (J) =1.09 LOg Es[St (J) +1.10 (3).

This result demonstrates a strong influence of the dynamics of the GSEA in the conduit

on the energy of the following explosion.

6.2. Egg, and Egys Vs. E,
The comparison of the seismic energies, radiated during GSEA and during the explosion
stage, with the acoustic energy of corresponding acoustic signals, recorded at Arenal

volcano, showed that these parameters are not correlated at 99% significance level (Fig.

12).

6.3. The durations of the GSEAs and their distributions at the three volcanoes

The distribution of the GSEA durations for the explosions, recorded at three volcanoes,
is shown in Fig. 13. These parameters vary in a wide range for the three discussed
volcanoes. For Aso events and Yasur events, the GSEA durations were characterized by
narrow distributions. They varied from 0.22 to 0.75 s (peak of number of events at 0.35
s) and 0.44 to 1.77 s (peak of number of events at 0.75 s), respectively. For the initial
phases, recorded during the explosive events at Arenal volcano, the distribution has no

exact peaks varying in a broad diapason from 1.2 to 5.4 s.

6.4. Es Vs. GSEA durations

Fig. 14 shows a plot of parameters of the Ejy, Vs. the GSEA durations. It is possible to

divide this plot into three zones with different type of dependence between these

14
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parameters. Zone 1 includes the data with GSEA durations between 0.22 and 1.3 s, Zone
2 is represented with GSEA durations between 1.3 and 3.7 s, and Zone 3, with GSEA
durations >3.7 s. The most stable values of GSEA durations are observed for the
eruptions at Aso volcano (Zone 1). They practically do not vary within the interval of
two orders of Eys;. The majority of GSEA durations, estimated for the Yasur eruptions,
fall within Zone 1, and only some of them indicate a low tendency of increasing the
seismic energy of explosions with increasing of GSEA durations.

The source characteristics of the explosive eruptions at Arenal volcano have
more complicated relationships between the parameters of E5; and GSEA durations.
They are represented within all three zones of the plot on Fig. 14 indicated as Selections
1 to 3.

Six events of Arenal volcano (Selection 1) are plotted within Zone 1. No
dependence between E;ys, and GSEA durations is observed.

Ten eruptions of Arenal volcano (Selection 2 in Fig. 14) correspond to the GSEA
parameters within Zone 2. In this case, a good dependence between the Ejy5, and GSEA
durations is observed with a coefficient of correlation R = 0.89 (R..i990; = 0.76) and
representing with the maximum likelihood log-normal regression equation

Log Egys, = 1.33 + 1.42 GSEA durations (s) 4).

Two remained Arenal events, situated within Zone 3 (Selection 3), are out of the

relationship indicated by Eq. 4. Considering the two events as a not representative

sample of observations, we will not discuss later any regularity in their distribution.

6.5. E, Vs. GSEA durations
Fig. 15 demonstrates that the £, and the GSEA durations of 16 eruptive events at Arenal

volcano with values of GSEA durations < 3.7 s, belonging to Zones 1 and 2 of Fig. 14,
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are inversely correlated with a coefficient of correlation R = -0.69 (R, 992, = -0.62), and
their least-square log-normal regression equation is
Log E, (J) = 8.00 - 0.83 GSEA durations (s) (5).

Only two events with GSEA durations > 3.7 s were out of this relationship.

The illustration of the dependence, presented in equation (5), may be seen in Fig.
6. The event of 10 April 20:43 (Fig. 6A) with the seismic energy of explosion of
2.1x10° J is characterized by GSEA durations = 1.2 s. The acoustic signal is well seen
on the seismogram (Fig. 6B) and has the maximum amplitude of 23 Pa. At the same
time, the event of 8 July 15:48 (Fig. 6D) with the close seismic energy of explosion of
1.2x10° J but characterizing by longer GSEA durations = 2.4 s, produced the acoustic
signal of lower amplitude of only 4.5 Pa (Fig. 6E). Therefore, the event with shorter
GSEA durations is characterized by larger acoustic energy while the seismic energies of

two events are practically similar.

7. Discussion
The obtained quantitative parameters of the two stages of Strombolian eruption process,
derived from the seismic and acoustic signals, and their empirical relationships, may be
compared with the analytical and experimental modeling performed for analysis of the
nature of Strombolian eruptions.

The scaling relationship between the seismic energy, radiated by explosions, and the
seismic energy, radiated by moving gas slugs, obtained for 3 volcanoes (Eq. 3), outlines
the influence of the energy of the gas slug dynamics on the magnitude of the following
explosion. This type of dependence is in concordance with some published earlier
analytical and laboratory results (James et al., 2009; Del Bello et al., 2012; Lane et al.,

2013).
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The analytical modeling of Del Bello et al. (2012) indicated that the dynamics and
vigor of slug-driven basaltic eruptions strongly depend on the gas overpressure. James
et al. (2009) showed the role of the slug size in the magnitude of the subsequent
explosion. Quantifying the transition between passive bubble-burst and Strombolian
explosions, they qualitatively correlated overpressure in the slug with different regimes
of “burst vigor”. The magnitude of the measurable geophysical effects of overpressure,
e.g., pressure transients and acoustic signals, was linked to the surface style of an
explosion.

The laboratory experimentation, performed by Lane et al. (2013), showed that
infrasonic signals measured from discrete Strombolian events in a volcanic conduit can
be interpreted in terms of the gas mass flux driven by the pre- and post burst expansion
of arising and expanding gas slug. Lane et al. (2013), based on the slug stability index
scale from (Del Bello et al., 2012), quantified the transition between passive bubble
bursting and explosive Strombolian eruptions depending on the size of gas masses.
They showed that the passive expansion occurs for small gas-slug masses while for
larger gas-slug masses, this transition regime transforms to fully explosive behavior.

The results of Del Bello et al. (2012) and Lane et al. (2013) are in accordance with
the relationship, presented in equation (3), and indicating a common, slug-driven
mechanism for all eruptive Strombolian styles, from low-energy puffing to normal
Strombolian explosions.

The GSEA durations, corresponding to the seismically active gas slug passage way
within the conduit or from the plug at the top of the conduit, represent an additional
factor that affects the seismic and acoustic energy of discussed Strombolian explosions.
Not having the confident estimations of the GSA4 velocity within the conduit, we will

discuss these relationships in the terms of GSEA durations values.
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The presence of three zones on the plot of Eys Vs. GSEA durations (Fig. 14)
shows that the ascent of gas slug within the conduit represents a heterogeneous process
conditioned by the specific features of the gas slug movement within the rheologically-
stratified conduit during different degassing flow configurations (Capponi et al., 2016).
The seismic energy of explosions is independent on the GSEA durations for very
superficial events, whose GSEA durations not exceed 1.3 s (Zone 1 of Fig. 14), but in
the interval of the GSEA durations between 1.3 and 3.7 s (Zone 2 of Fig. 14), the
significant positive correlation between the GSEA durations and the seismic energy
Eqyse of subsequent explosions is observed. Therefore, at least two rheologically-
different zones at different depths within the conduit may be identified.

The recent studies of pyroclast textures at Strombolian-style volcanoes suggest
the formation of a region of cooler, degassed, more-viscous layer (or plug) at the top of
the conduit (Del Bello et al., 2015). In this case, Capponi et al. (2016) consider some
possible scenarios of the gas slug flow configurations within the conduit. One of them
proposes a plug sufficiently large to fully accommodate an ascending gas slug. This
scenario was suggested earlier by Gurioli et al. (2014), based on the field studies at
Stromboli. They proposed that the degassing magma forms a plug, or rheological layer,
at the top of the conduit, through which the fresh magma bursts.

This type of plug may be considered as the upper layer of the conduit corresponding
to Zone 1 in Fig. 14. The set of gas bubbles will be collected within the crack system
formed at the base of the plug. Here, at very shallow depths (less than 200 m for
Stromboli events), the gas-piston mechanism of Strombolian explosions may operate
(Chouet et al., 1997). The explosions would be the result of a piston-like action of the
different-size gas slugs, collected and then escaping with a high velocity from the plug-

type bubble “nest” (See model of Fig. 9A) and having the same time durations of the
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ascent. In (Chouet et al., 1997), the two examples of the seismic waveforms of
explosions at Stromboli, corresponding to this mechanism, have the values of GSEA
durations of 1.1 and 1.3 s, which are within the characteristic interval of the events from
Zone 1. This mechanism of generation of explosions may be applied, therefore, for
practically all events, occurring at volcanoes Aso and Yasur, and for a group of six
explosions of Arenal.

The other scenario of Capponi et al. (2016), which may be applied for the events
with GSEA durations plotted within Zone 2, proposes that in this case the gas expansion
may be sufficient to drive the intrusion of low-viscosity liquid through the plug, with
the slug bursting in the low-viscosity layer explosion level emplaced dynamically above
the plug. This scenario may correspond to the GSEA within a conduit from the depths
beneath the plug. In this case, the gas slugs will be characterized by a different depth of
the initial gas expansion, generating the seismic signals, and, therefore, a greater
difference in the GSEA durations.

The direct dependence of the Ej5; on the GSEA durations indicates homogeneity of
the rheological properties of magma through which the GSEA occurs. All our events,
plotted within Zone 2 of Fig. 14, were observed at the same Arenal volcano that allows
considering this proposal of homogeneity as realistic enough. In these conditions, the
size of seismic energy of each individual explosion will depend on the relative depth of
the initial gas expansion of the slug. Deeper the process of gas expansion begins, greater
following explosion will be.

The suggested existence of two scenarios of the GSEA dynamics allows to consider
two types of volcanic conduits where GSEA occurs. The volcanoes of Aso and Yasur
present a group of volcanoes with a plug-closed conduit. The activity of Arenal

reflected a presence of at least two scenarios. For a part of explosions, the activity of the
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plug-closed type conduit is recorded (6 events within Zone 1). At the same time, 10
events, recorded within Zone 2, demonstrate the second scenario, with a plug-
transparent type of conduit. As one of possible explanations, may be taken in this case
the proposal of Lesage et al. (2006) about existence of two seismic sources, associated
with two magmatic conduits at Arenal. Then, the case of Arenal explosions may be
result of the double-nature of the volcanic conduit having two active ways for GSA4, the
plug-closed and the plug-transparent.

The significant inverse dependence of acoustic energy, E,, of Arenal explosions
on the GSEA durations, shown in Fig. 15, indicates two important points in generation
of acoustic energy of the explosions. At first, the acoustic energy of explosions was
emitted not only during the slug burst on the surface but also during the GSEA within
the conduit. Second, the size of finally emitted on the surface acoustic energy depends
on the values of GSEA durations: with longer GSEA durations, the greater loose of
acoustic energy occurs before gas slug reaches the surface.

These observations are in accordance with the results obtained at Stromboli
volcano. The beginning of emission of acoustic energy at depth within the conduit was
revealed from analysis of acoustic pressure, recorded by Vergniolle and Brandeis (1994)
during several explosions on Stromboli volcano. They concluded that the vibration and
bursts of the bubbles during slug ascent yields most part of acoustic energy. Ripepe et
al. (2001) also supposed that the sources of acoustic signals, recorded during the
explosions at Stromboli, may not coincide with the magma free surface but occur within
the conduit.

The next subject for discussion represents the relation between the acoustic and
seismic energies radiated during the Strombolian process. As was shown in Fig. 12A,

the acoustic energy is not correlated with the E at Arenal volcano. This may be
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conditioned by the significant loose of acoustic energy within the conduit during the
GSEA. The acoustic energy is not correlated with £, also (Fig. 12B).

The volcano acoustic—seismic ratio was studied for Strombolian eruptions of
Karymsky (Kamchatka) and Erebus (Antarctica) by Johnson and Aster (2005). Their
results also demonstrated the absence of correlation between these parameters.

Generally, the analysis of relationships between the two stage characteristics,
derived from the seismic and acoustic signals, indicated the influence of the parameters
of the moving gas slug, such as the radiated seismic energy and durations of gas-slug
ascent within the conduit, on the manifestations of Strombolian eruptions, including the
seismic and acoustic energy of explosions.

The proposed two-stage conceptual model of Strombolian eruption does not
exclude the existence of other models based on more complicated seismic and acoustic

signals of Strombolian explosions.

8. Conclusions
The study of seismic records, associated with Strombolian eruptions at volcanoes
Arenal, Aso and Yasur, showed a two-phase structure of majority of these seismic
signals that may be the result of the two-stage eruptive process. In the frame of
proposed two-stage conceptual model of Strombolian eruption, the initial stage is
defined as the process of gas-slug expansion and ascent within the volcanic conduit or
gas-slug ascent from the plug at the top of the conduit. The second stage is supposed as
an explosion occurring at the surface due to the gas slug burst. Analysis of relationships
between the parameters of two stages, derived from the seismic and acoustic signals,
indicated the influence of the gas slug dynamics on the surface manifestations of

Strombolian explosions.
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Figures

Fig. 1. Index-map of volcanoes with Strombolian explosions discussed in the article.
Map is taken from https://www.mapsland.com/world/large-political-map-of-the-world-
1995.

Fig. 2. Waveforms of seismic and acoustic signals recorded during Strombolian
eruptions. In A, we show the characteristic seismic and acoustic waveforms recorded during
explosion at Stromboli volcano. The signal was taken from Chouet et al. (1997). In B, we
show a typical seismic two-phase waveform of Strombolian explosion recorded at Aso
volcano and similar to the signal recorded at Stromboli, shown in A. The signals of this type
were selected for our study. In C, a waveform of Strombolian explosion at Yasur volcano
represents an example of the signal which has not a two-phase structure. This type of
signals was not selected for our study. IP is the initial phase; MP is the main phase.

Fig. 3. A view of a typical Strombolian explosion at Arenal volcano taken by W.
Melson on 4 April 1990 from the joint OVSICORI-UNA/Smithsonian Institution Volcano
Observatory, situated about 2.5 km south of the volcano (A) and a system of monitoring of
the volcano (B). The indices 4, B, C in Fig. B correspond to the craters, opened during the
1968 eruption on the western flank of the volcano; index D corresponds to the old summit
crater formed before the 1968 eruption. Active crater C, origin of Strombolian explosions,
discussed in the article, is marked with a rectangle. Triangle with index S+A shows the
position of the seismic and acoustic sensors.

Fig. 4. A view of a typical Strombolian explosion at Aso volcano taken by Y. Sudo
on 7 December 2014 (A) and a system of monitoring of the volcano (B). Triangle with
index KAF shows the position of the seismic sensors.

Fig. 5. A view of a typical Strombolian explosion at Yasur volcano taken by

Yashmin Chebly (https://www.volcanodiscovery.com/photos/yasur/0808/p2.html) in

August 2008 (A) and a system of monitoring of the volcano (B). In B, indices A, B and C
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correspond to three active craters. Triangle with index Y05 shows the position of the
seismic sensor. Map in B was modified from Marchetti et al. (2013).

Fig. 6. The short-period (vertical component) seismic (A, D) and corresponding
acoustic (B, E) signals of Strombolian explosions recorded at a distance of 2.7 km from the
crater C of Arenal volcano. The Fourier spectra of the initial (IP) and main (MP) phases,
marked at seismograms within arrows with labels ¢/ and #2, and #2 and 3, respectively, are
shown in Figs. C and F. The acoustic signals, corresponding to the seismic records of
Strombolian explosions in B and E, are shown within rectangles.

Fig. 7. The short-period (vertical component) seismic signals recorded at a distance
of 150 m from the crater of Aso volcano (A, C, E). Corresponding Fourier spectra of the
initial (/P) and main (MP) phases, marked at seismograms within arrows with labels ¢/ and
12, and 12 and #3, respectively, are shown in Figs. B, D and F.

Fig. 8. The short-period (vertical component) seismic signals recorded at a distance
of 650 m from the crater of Yasur volcano (A, C, E). Corresponding Fourier spectra of the
initial (IP) and main (MP) phases, marked at seismograms within arrows with labels ¢7 and
t2, and 2 and 3, respectively, are shown in Figs. B, D and F.

Fig. 9. Illustration of the two-stage model of Strombolian explosion (A) and
corresponding broad-band seismic record (B). The elements of the model, radiating the
seismic and acoustic signals, are indicated. Photo of Strombolian explosion at Krakatau
volcano (4 June 2009) was taken by T. Pfeiffer
(https://www.volcanodiscovery.com/photos/strombolian_eruptions/image94.html).

Fig. 10. Distribution of the seismic energy radiated by explosions for 193
Strombolian events of volcanoes Arenal, Aso and Yasur.

Fig. 11. Dependence of the seismic energy radiated by explosions on the seismic
energy radiated during ascent of gas slugs for 193 Strombolian events of volcanoes

Arenal (red diamonts), Aso (blue circles) and Yasur (brown triangles).
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Fig. 12. Dependence of the acoustic energy of Strombolian explosions of Arenal
volcano on the seismic energy radiated by explosions (A) and moving gas slugs (B).

Fig. 13. Distribution of the durations of seismically active ascent of gas slugs for
193 Strombolian events of volcanoes Arenal, Aso and Yasur.

Fig. 14. Dependence of the seismic energy radiated by Strombolian explosions
of volcanoes Arenal, Aso and Yasur on the durations of seismically active ascent of gas
slugs. Three zones corresponding to different durations of the gas-slug ascent are
separated with two vertical lines. Regression line is shown for 10 events of Arenal
volcano generated within Zone 2. Indices for the events of different volcanoes are the
same as in Fig. 11.

Fig. 15. Dependence of the acoustic energy of explosions on the durations of
seismically active ascent of gas slugs for 18 Strombolian events of Arenal volcano.
Regression line is shown for 16 events. Two events, surrounding by an ellipse, are out

of this regression.
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Table 1
Parameters used for calculation of the radiated seismic energy of two stages of

explosions for three volcanoes

Parameters Arenal Aso Yasur
Distance r, km | 2.7 0.15 0.65
Density p, 2500 23007 16004
kg/m3

Group velocity | 1.0/ 1.73 0.75°
¢, km/s

Thickness 4, m | 450/ 6003 25°

Note. I, Mora et al. (2006); 2, Komazawa et al., 1995; 3, Tsutsui et al. (2003); 4,
Brothelande et al. (2016); 5, Perrier et al. (2012). See the meaning of symbols of

parameters in the text.



