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Abstract Strombolian eruptions are among the most common subaerial styles of explosive volcanism
worldwide. Distinctive features of each volcano lead to a correspondingly wide range of variations of
magnitude and erupted products, but most papers focus on a single type of event at a single volcano. Here, in
order to emphasize the common features underlying this diversity of styles, we scrutinize a database from 35
different erupting vents, including 21 thermal infrared videos from Stromboli (Italy), Etna (Italy), Yasur
(Vanuatu), and Batu Tara (Indonesia), from puffing, through rapid explosions to normal explosions, with
variable ejection parameters and relative abundance of gas, ash, and bombs. Using field observations and
high-speed thermal infrared videos processed by a new algorithm, we identify the distinguishing
characteristics of each type of activity and how they may relate and interact. In particular, we record that
ash-poor normal explosions may be preceded and followed by the onset or the increase of the puffing
activity, while ash-rich explosions are emergent, i.e., with inflation of the free surface followed directly by
emission of increasingly large gas pockets. Overall, we see that all Strombolian activities form a continuum
arising from a common mechanism and are modulated by the combination of two well-established
controls: (1) the length of the bursting gas pocket with respect to the vent diameter and (2) the presence
and thickness of a high-viscosity layer in the uppermost part of the volcanic conduit.

1. Introduction
1.1. Characteristics and Worldwide Distribution of Strombolian Activity

Volcanic explosive eruptions vary widely in magnitude, duration, intensity, and type of products. Although
each volcano is unique, volcanologists have always looked for commonalities that may might point out
similar eruptive mechanisms. First classifications were, in fact, based on common characteristics of events
at archetypal volcanoes. In particular, the mildest explosive activity was called Strombolian activity after
Stromboli volcano (Aeolian Islands, Italy), defined as the activity of volcanoes erupting “only fresh incandes-
cent pyroclastic material and fluid (scoria, bombs, ash, and glassy sands)” [Mercalli, 1907]. Walker [1973]
proposed that “Strombolian” be restricted to all pyroclastic fall deposits with dispersal areas smaller than
10 km2 and a fragmentation index lower than 10%. Alternatively, on the basis of direct observations, bound-
aries have been set at 0.01 and 10,000m3 for the total volume of ejecta, corresponding to Volcanic Explosivity
Indexes (VEI) ranging from �6 to �1 [Newhall and Self, 1982; Tamburello et al., 2012; Houghton et al., 2013,
2016]. Taddeucci et al. [2015] and Houghton et al. [2016] state that it is the emergent onset and short duration
of Strombolian explosions that distinguish them from Hawaiian eruptions. This wide diversity of characteriza-
tions illustrate the blurred boundaries of the definition of Strombolian activity [Marchetti et al., 2009].

Strombolian-styleactivity isobserved inawide rangeofgeodynamical contexts,making it themostwidespread
manifestation of subaerial volcanism: in volcanic fields andmonogenetic centers (e.g., Paricutin), on large stra-
tovolcanoes (e.g., Etna andVillarrica), or in caldera complexes (e.g., Latera Caldeira, Italy) [Taddeucci et al., 2015].
It can characterize not only persistent activity at Stromboli [Rosi et al., 2000] and Yasur [McClelland, 1989; Spina
et al., 2015] but also hour-scale phases during prolonged eruptions, for instance, at Etna [Behncke et al., 2009],
Llaima [Romero Moyano et al., 2014], or Bambouto volcano [Nono et al., 2004].

All the above-mentioned volcanoes erupt silica-poor magmas, whose low viscosity allows the effective
segregation of the exsolved gas from the magma and its independent rise [Harris and Ripepe, 2007b]. Gas
pockets grow by expansion during decompression and coalescence, either due to differential ascent rate
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in the conduit [Parfitt and Wilson, 1995; Parfitt, 2004] or due to accumulation on discontinuities in depth
[Vergniolle and Jaupart, 1986; Jaupart and Vergniolle, 1988]. Eventually, gas pockets rise through the
volcanic conduit and are released at the surface.

1.2. Classification of Strombolian Activity

Under the Strombolian umbrella, numerous variations can be observed not only between the volcanoes
worldwide but also within single volcanoes [Harris and Ripepe, 2007b]. At one single vent, different activities
may alternate [Ripepe and Harris, 2008] or even combine [Bani et al., 2013]. Strombolian activity is usually clas-
sified based either on the magnitude inferred directly or from the products of the explosions (Table 1).
However, the size limits of this classification may vary from one volcano to another.

At Stromboli, explosive activity is primarily categorized based on the magnitude and the frequency of the
explosions. Strombolian explosions sensu stricto, hereafter referred as “normal explosions” [Barberi et al.,
1993], occur up to 30 times per hour [Taddeucci et al., 2013], ejecting 40 to 1200m3 of gas [Tamburello
et al., 2012] together with 0.1 to 100 tons of pyroclasts [Gaudin et al., 2014b; Bombrun et al., 2015] at velocities
up to 400m/s [Taddeucci et al., 2012]. The larger “paroxysmal” explosions [Calvari et al., 2006], occurring a few
times per decade with volumes of 100,000m3, and “major” explosions [Gurioli et al., 2013] occurring a few
times per year are not considered in this paper. At the other end of the spectrum, gas pockets from 0.1 to
20m3 [Tamburello et al., 2012; Gaudin et al., 2017] can be repeatedly emitted at velocities smaller or equal
to 20m/s [Harris and Ripepe, 2007b; Gaudin et al., 2014b] with little or no ejecta, defining the “puffing activity.”

Normal explosions are, in turn, subdivided regarding their erupted products. Based on thermal images,
Patrick et al. [2007] distinguish (Table 1) type 1 (ballistic-dominated), type 2a (ash-dominated with visible
gas thrust phase and significant ballistics), and type 2b (ash-dominated with convective velocities above
the crater rim and only a minor amount of ballistic particles). Recently, a fourth class, denoted type 0
[Leduc et al., 2015] or type 3 [Goto et al., 2014], has been introduced to cover gas-dominated explosions.

Recent petrological and experimental studies suggest two main factors to explain this variety. Puffing and
normal explosions may differ due to the size of the gas pocket [Colò et al., 2010; Del Bello et al., 2012; Bani
et al., 2013], while explosion types from 0 to 2 may differ by the variable presence of a debris cover on top
of the free surface [Patrick et al., 2007; Leduc et al., 2015; Capponi et al., 2016a]. Recently, the presence of a
layer of cooled, degassed magma on top of the magma column has also been shown to significantly affect
explosion dynamics [Gurioli et al., 2014; Del Bello et al., 2015; Capponi et al., 2016b].

Despite a large body of research on Strombolian style activity, the transitions between different Strombolian
variations still remain poorly documented, and so do the underlying processes. In particular, how do identi-
fied modulating factors combine to determine the differences between the observed types of
Strombolian activity?

Table 1. Nomenclature of the Strombolian-Type Activity

Definition Reference

Explosion Magnitude
Puffing “Rapid and repeated emission of discrete packets or batches of

high-temperature gas from the source vent (…) often associated
with the emission of one or two small incandescent bombs”

[Harris and Ripepe, 2007b]

Rapid explosions “Weak and, generally, very closely spaced explosions erupting
a large amount of bombs at a few tens of meters”

[Houghton et al., 2016]

Normal explosions “Jets up to an elevation of 100–200m of gas and incandescent
magma fragments which last up to few tens of seconds”

[Barberi et al., 1993]

Explosion Types (for Normal Explosions)
Type 0 (gas-dominated) “High-velocity emission (150–250m s�1) of a few relatively

small, juvenile particles, with entrained nonjuvenile clasts”
[Leduc et al., 2015]

Type 1 (bomb-dominated) “Ballistic-dominated, with plumes that were only faintly
visible just above the crater rim”

[Patrick et al., 2007]

Type 2a (ash-and-bomb-dominated) Explosions involving “a conspicuous ash plume, (…) a
visible gas thrust phase, and usually expelling significant ballistics”

[Patrick et al., 2007]

Type 2b (ash-dominated) Explosions involving “a conspicuous ash plume, (…) convective
velocities visible above the crater rim, and ejecting a

minor amount of ballistic particles”

[Patrick et al., 2007]
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In this paper, we report 35 examples ranging from puffing to normal explosions at four volcanoes worldwide
(Stromboli and Etna, Italy; Yasur, Vanuatu; and Batu Tara, Indonesia). Thermal infrared videos of the vents are
processed by using a single, standardized method, in order to compare explosive activities independently
from the peculiarities of each volcano, setups, and observation conditions. From a subset of 21 videos where
viewing conditions were optimal, we highlight the main trends regarding the volume of the explosions, their
duration, the exit velocity of the ejecta, and the type of explosions. We also point out the interactions
between different types of activity occurring at the same vent. On this basis, we show that the whole range
of observed Strombolian activity can be explained by a single mechanism, modulated mainly by the two
factors previously described.

2. Case Studies

In order to obtain a database of vent activities representative of various volcanic contexts, we led field
campaigns at four volcanoes featuring Strombolian activity worldwide: Stromboli (Italy), Yasur (Vanuatu),
Batu Tara (Indonesia), and Etna (Italy) (Figure 1).

Stromboli volcano (38.789°N, 15.213°E, Italy) is a 926m above sea level (asl) high stratovolcano located
between the Southern Tyrrhenian Sea back arc and the Calabrian fore-arc region [Peccerillo, 2001;
Bonaccorso et al., 2003]. Since at least 1776 [Washington, 1917], activity has been concentrated on a 700m
asl terrace, which is traditionally divided in three vent areas, named southwest (SW), central (C), and

Figure 1. Location and aerial views of the four volcanoes studied, showing the location of the different vent areas and of
the camera.
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northeast (NE) (Figure 1). We led four field campaigns at Stromboli (5–9 September 2012, 20–26 May 2013,
14–18 May 2014, and 21–25 May 2015). In total, respectively 5, 8, 12, and >3 vents were active (Figure 2),
while the average explosion rates were respectively 11–13, 9–12, 16–17, and 7–9 events per hour, according
to the frequency of very long period earthquakes [Osservatorio Vesuviano, 2015].

Yasur (19.527°S, 169.445°E, Vanuatu) is a 361m asl high cone, 1500m in diameter, located 150 km east of the
New Hebrides trench in the Pacific Ocean [Louat et al., 1988]. The activity, lasting for at least 800 years
[McClelland, 1989; Spina et al., 2015], takes place inside a crater complex. Three vent areas, traditionally
named A–C from north to south [Nabyl et al., 1997; Oppenheimer et al., 2006], can be observed from the
rim, at a distance of 250–300m (Figure 1). During our field campaign, from 9 to 12 July 2011, activity was
at alert level 2 on a scale ranging from 0 to 4 [Global Volcanism Program, 2011].

Batu Tara (7.792°S, 123.579°E, Indonesia) is a 748m asl high volcano, located in the Sunda Arc. Due to its
remote location, its activity is routinely monitored only through remote sensing, via ash plume detections.
The Darwin Volcanic Ash Advisory Centre suggests that it probably has been in eruption since 2007 [Global
Volcanism Program, 2013]. During our field campaign, from 4 to 6 September 2014, vents were not directly
visible from our point of observation. However, from satellite images, we estimate a slant distance of
1226m from our cameras to the crater rim (Figure 1).

Etna (37.755°N, 14.995°E, Italy) is a 3340m asl high stratovolcano located on Sicily, in a region marked by the
Calabrian arc [Bousquet and Lanzafame, 2004]. Unlike the other examples, Strombolian activity at Etna mainly
occurs nowadays during paroxysmal episodes. In this paper, however, we focus on the Strombolian activity
that occurred at two parasitic cones on the eastern flank of the volcano at an elevation of 3200m asl on 15
and 16 July 2014 (Figure 1). [De Beni et al., 2015; Istituto Nazionale di Geofisica e Vulcanologia, 2015].

Despite the variety of geodynamical contexts, these four volcanoes have comparable magma compositions.
Products are basaltic, i.e., silica-poor (47 to 52% of SiO2 at Etna [Giacomoni et al., 2016], 47–53% at Batu Tara
[Rittmann, 1953; Stolz et al., 1988; Hoogewerff et al., 1997], 52% at Stromboli [Métrich et al., 2010], and 55–59%
at Yasur [Kremers et al., 2012; Gaudin et al., 2014b]). These low-viscosity magmas (e.g., 102 to 104 Pa s at
Stromboli [James et al., 2009; Métrich et al., 2010; Gaudin et al., 2014b; Vona et al., 2015] and 104 Pa s at
Yasur [Kremers et al., 2012; Gaudin et al., 2014b]) permit the decoupling of gas, leading to Strombolian activity,
occurring from vents whose diameters range between 1 and 20m [Chouet et al., 1974; Nabyl et al., 1997; Harris
and Ripepe, 2007a; James et al., 2008; Gaudin et al., 2014b; Lorenz et al., 2016].

3. Methods
3.1. Field Observations

Field campaigns lasted from 2 to 6 days and started with a visual observation of all visible active vents. The
number and position of individual vents, their morphologies, and their activity are usually highly variable

Figure 2. Location and type of vent activity (nomenclature after Patrick et al. [2007], Leduc et al. [2015], and Houghton et al. [2016]) during the four field campaigns at
Stromboli. Note that puffing activity is never associated to type 2b normal explosions.
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at the scale of days to weeks [Harris and Ripepe, 2007a] but can be considered as constant on time scales of a
few hours. Consequently, our observations are representative of the activity of a determined vent at a
determined time. For that reason, we labeled vent activities by using a common convention, based on the
source volcano, vent area, eruption year, and specific vent (e.g., S-NE14c is the activity of vent “c” at the
northeast vent area of Stromboli in 2014). In total, 35 vent activities were scrutinized, most of them at
Stromboli (28 cases), while Batu Tara, Etna, and Yasur represent respectively 3, 2, and 2 cases.

For each vent activity we captured thermal infrared videos by using FLIR SC655 and SC660 uncooled
microbolometer-based thermal infrared cameras with spectral sensitivity ranging from 7.5 to 13μm (Figure 3).
Both cameras have been calibrated yearly in a laboratory, and a first-order correction of the atmospheric
absorption was achieved through the control software of the cameras, taking into account air temperature,
humidity, and the distance to the target. In addition, we checked that there are no saturated pixels on the
videos. Accordingly, uncertainties on the absolute temperature are estimated at around 10%. Each video
sequence lasts from 1min to 2 h and includes 1 to 30 explosions. Due to field and meteorological constraints,
only 21 vent activities were suitable for detailed analysis (Table 2).

3.2. A Standardized Representation of Strombolian Activity

The direct comparison of vent activities is not straightforward due to the diversity of observation contexts
(Table 2). In particular, we have to deal with various distances from the observation point to the vent (from
238 to 649m from the vents), various dip angles (from horizontal to 63°), and variable background (atmo-
sphere, crater rim, hot rock, or any combination of them). To enable a quantitative analysis of the data, we
rescaled and processed the thermal infrared videos by using a common standardized algorithm.

The first step consists of scaling the images. We estimate the pixel size based on the characteristics of the
camera and the lens and the distance from the crater to the vent measured by a laser rangefinder:

dx ¼ D p=f (1)

where dx represents the image resolution, D the distance from the camera to the target, p the size of a
physical pixel of the cameras (17μm for FLIR SC655 and SC660), and f the focal length of the lens. For the
cases where the line of sight is not horizontal, the vertical pixel size dymust be corrected from the dip angle
of the camera φ (0° representing a horizontal line), i.e., assuming that the jets are mostly vertical:

dy ¼ D p= fcos φð Þð Þ (2)

dx and dy are used to rescale the images by cropping them into 25 × 10m vertical rectangles with the vent
centered near the base.

In a second step, hot gas and pyroclasts are highlighted by subtracting the temperature of the background
from the images. The background is defined as the image that would be acquired if there were no pyroclasts,
i.e., not only the immobile landscape and the atmospheric clouds but also the hot rocks lying on the ground.
Since pyroclasts are generally hotter than the background, the latter can be computed as the minimum
temperature of each pixel during a time sequence [Gaudin et al., 2014a]. This time sequence should be as

Figure 3. Thermal images of vent activities, with the ejection of hot gas (S-C12a and S-C13b), bombs (E-NE14a and Y-B11a), and ash (B-14b). S, E, Y, and B refer to
Stromboli, Etna Yasur, and Batu Tara volcanoes, respectively, capital letters: vent areas; numbers: year; small letters: individual vents (see also Movies S1–S5). The
colorbars show the minimum and maximum temperatures recorded in the image.
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short as possible to avoid the effects of background temperature variations (e.g., due to the atmospheric
cloud drift or the cooling of emplaced bombs) but long enough to have for each pixel at least one image
without pyroclasts in it. We use a 2 s time window preceding the measured frame, as the best compromise
[Gaudin et al., 2014a].

The evolution of the maximum temperature in each image row is plotted in a time/height diagram (Figure 4).
This diagram shows the rise of the material erupted by vents during Strombolian activity and records the
timing of the explosions, the type of products, and their rise velocity, which is represented by the slope of
the traces on the diagrams. Similarly, by plotting the temperature on a horizontal line just above the vent,
we visualize the lateral extent of the ejected material over time on the same time period (Figure 5). The
product of the section of the gas cloud (assumed to be circular) and its velocity v at the vent define the volu-
metric flux, which can be integrated with time to obtain an estimate of the volume of gas emitted V:

V ¼ ∫π=4d2vdt (3)

4. Results
4.1. The Strombolian Activity Family

In total, we observed more than 200 explosive events and more than 50 h of puffing activity. We selected 21
videos (Table 2 andMovies S1–S8 in the supporting information) where the viewing conditions were optimal,
i.e., absence of clouds, crater visible, and clear and easy discrimination of the vents, and used them to depict
the variety of Strombolian activity. While the complete recordings have been processed through this method,
we selected representative events, limited to a duration of 90 s (hereafter referred as “snapshots”), chosen as
the best representatives of the different activities and their transitions.

The time/height diagrams (Figure 4) can characterize the type of ejecta of each event. Bombs follow ballistic
trajectories and present as parabolas, while ash/gas clouds, which are diluted in the atmosphere while rising,
are seen as blurred and inclined streaks. Ash-rich and gas-dominated clouds are discriminated by direct field
observations and/or a visual inspection of the raw video. Ash clouds are opaque in the early stages of their
dispersal. Conversely, meter-wide, undiluted gas clouds with typical Stromboli gas compositions [Burton
et al., 2007] have a transparency around 80% in the thermal infrared wavelengths (7.5–13μm), so that the

Table 2. List and Main Characteristics of the 21 Videos Used in This Study

Volcano Vent Activity Date Hour Camera Location Slant Distance Lens Pixel Sizea Frame Rate Dipb Camera Used

Batu Tara B-14a 06/09/2014 12:36:40 1226m 41.3mm 0.51m 200 fps 20° SC655
Batu Tara B-14b 05/09/2014 10:53:21 1226m 41.3mm 0.51m 100 fps 20° SC655
Batu Tara B-14c 04/09/2014 23:57:20 1226m 41.3mm 0.51m 100 fps 20° SC655
Etna E-NE14a 16/07/2014 08:18:36 240m 24.6mm 0.17m 50 fps 0° SC655
Stromboli S-C12a 09/09/2012 11:37:39 Pizzo 270m 13.1mm 0.35m 50 fps �26° SC655
Stromboli S-C12c 09/09/2012 11:37:39 Pizzo 270m 13.1mm 0.35m 50 fps �26° SC655
Stromboli S-C13b 26/05/2013 16:39:39 Pizzo 266m 41.3mm 0.11m 200 fps 0° SC655
Stromboli S-C14a 18/05/2014 12:15:59 Fortini sup. 265m 13.1mm 0.34m 15 fps �26° SC660
Stromboli S-C14b 18/05/2014 10:34:04 Pizzo 300m 41.3mm 0.12m 200 fps �26° SC655
Stromboli S-NE12c 09/09/2012 16:20:02 Pizzo 435m 41.3mm 0.18m 100 fps �14° SC655
Stromboli S-NE13a 24/05/2013 15:44:53 Rocette 411m 24.6mm 0.28m 50 fps 0° SC655
Stromboli S-NE13c 21/05/2013 14:50:43 Pizzo 318m 24.6mm 0.22m 50 fps �15° SC655
Stromboli S-NE14c 14/05/2014 15:35:37 Rocette 408m 24.6mm 0.28m 100 fps 0° SC655
Stromboli S-SW12a 09/09/2012 11:37:42 Pizzo 252m 13.1mm 0.33m 50 fps �29° SC655
Stromboli S-SW13a 20/05/2013 12:13:58 Pizzo 300m 41.3mm 0.12m 50 fps �28° SC655
Stromboli S-SW13h 20/05/2013 13:07:44 Pizzo 320m 41.3mm 0.13m 50 fps �20° SC655
Stromboli S-SW14e 18/05/2014 12:15:59 Pizzo 294m 13.1mm 0.38m 15 fps �28° SC655
Stromboli S-SW14g 18/05/2014 13:45:25 Fortini sup. 350m 13.1mm 0.45m 15 fps �20° SC660
Stromboli S-SW14h 18/05/2014 13:46:03 Fortini sup. 350m 13.1mm 0.45m 15 fps �20° SC660
Stromboli S-SW15a 23/05/2015 16:20:33 Rocette 450m 24.6mm 0.31m 50 fps 0° SC655
Yasur Y-B11a 10/07/2011 00:58:58 320m 24.6mm 0.22m 50 fps �26° SC655

aThe pixel size represents the width of a pixel. In the case of non-null dip angles, the height of a pixel must be corrected by dividing the pixel size by the cosine
of the dip angle (see equation (2)).

bDip angle is positive when looking up, negative when looking down.
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background remains visible behind it [Gaudin et al., 2017], as confirmed by using the MODTRAN software
[Berk et al., 1987] (Figure 3).

The different activities we recorded fit in the classification scheme described above (Table 1). We distinguish
between the “transient thermal signals” of Ripepe et al. [2002], related to normal Strombolian explosions with
a clear start and end, and lasting, in our case, from 5 s (S-C13b) to more than 60 s (B-14c or S-NE12c), and the
“oscillating thermal signals,” related to puffing, where smaller amounts of gas and pyroclasts are erupted.

Although they produced oscillating thermal signals, vents S-C14b and E-NE14a released higher volumes of
gas with respect to puffing, together with hundreds of bombs at heights lower than 30m. Such activity
matched well the “rapid explosion” definition of Houghton et al. [2016], i.e., “sequences of very closely spaced
and, generally, very weak explosions” (Table 1). In our observations, the main difference between puffing and
rapid Strombolian activity resides in the far larger abundance of bombs in the latter and not a priori a
different frequency of the explosions.

We emphasize that neither puffing nor rapid explosions were observed to erupt ash. For normal explosions,
we observed all four types defined by Patrick et al. [2007] and Leduc et al. [2015]. While types 1 (bomb-rich), 2a
(ash-and-bomb-rich), and 2b (ash-rich) were equally common, type 0 (gas-rich) was rarer (e.g., 6% of the vent
activity observed at Stromboli, see Figure 2). However, we note that the relative amount of ash and bombs in
normal explosions forms a continuum between the four types, which make the classification somewhat
subjective (e.g., S-NE13a falls between types 1 and 2a and S-SW14h between types 2a and 2b).

In some cases at Stromboli and Yasur, we observed the coexistence of puffing and normal explosions but
only on vents dominated by type 0, type 1, or type 2a (e.g., Figures 2 and 4 [Bani et al., 2013]) and not those
hosting type 2b explosions.

Figure 4. Evolution of the thermal anomaly with height above 21 representative vents (see text for methods). The parabolic
tracks and the blurred streaks represent bombs and ash/gas clouds, respectively. The absence of data on some videos is
due to too short recording times. (right) Corresponding explosions type and the erupted material.
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4.2. Lateral Extent, Velocity, and Volume of Ejection

The lateral extent of all events is shown on Figure 5, representing the evolution of the temperature
anomaly along a horizontal line. In ideal cases, the temperature anomalies are confined to a narrow
band (e.g., S-C12a, E-NE14a, S-C13b, S-NE13a, and S-SW12a), representing the vent diameter. In some
cases, the vent margins were not visible and it was not possible to set the horizontal line at the vicinity
of the vent. Some drift (e.g., S-SW14e) and/or some enlargement of the jet due to higher ejection angles
(e.g., S-NE15c) may be visible, which might lead to a slight overestimation (<30%) of the lateral extent.
Vent diameter ranged from 1m (S-NE14c) to 20m (B-14c), with a mode around 5m. For some of the
puffing activity, gas pockets were smaller than the vent diameter and emitted from variable locations
(S-C12a), while for rapid and normal explosions, the gas and pyroclast mixture was ejected across the
whole diameter of the conduit.

The ejection velocity of the pyroclasts can be retrieved from the slopes on Figure 4. For puffing, gas was
ejected slower than 20m/s and then rose buoyantly at about 5m/s [Gaudin et al., 2017], while the typical ejec-
tion velocity of rapid explosions was around 30m/s. We note a correlation between the nature of erupted
products and the eruption velocity, ash-rich normal explosions being the slowest (from 10 to 40m/s),
bomb-rich ones intermediate (20–150m/s), and gas-rich normal explosions reaching the highest velocities
(up to 250m/s). The latter value is consistent with observations from Leduc et al. [2015] but remains signifi-
cantly lower than high-speed visible-light estimates by Taddeucci et al. [2012], probably because of the lower
time and spatial resolutions of thermal infrared cameras compared to high-speed visible-light ones.

Also, the duration of an explosion is linked both to its magnitude and to the type of products (Figure 6a). A
normal explosion lasts longer than a puff, and ash-rich normal explosions are usually longer (up to 150 s) than
bomb-rich and gas-rich ones (down to 5 s).

Figure 5. Evolution of the thermal anomaly on a horizontal line above 21 representative vents, showing the vertical extend
of each emission (see text for methods).
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Figure 4 also depicts the occurrence of finer scale, fundamental units of pressure release, called ejection
pulses by Taddeucci et al. [2012] and defined by Gaudin et al. [2014b] as “a cluster of fast bombs arriving in
a short time interval and displaying a nonlinear decay of the vent ejection velocity over time.” The existence
of a pulse is marked by bomb trajectories that meet at a single depth, corresponding to the depth where the
gas pocket burst [Gaudin et al., 2014b]. In the case of bomb-poor explosions, the pulsating behavior is marked
by the emission of successive gas/ash clouds. While puffs generally include one single pulse, up to four pulses
have been observed on some rapid explosions (S-C14b), and more than 100 on some normal explosions
(S-C13b). For the latter, the pulse frequency is directly linked to the ejection velocity, i.e., while fast, gas-rich
explosions can feature up to 20 pulses per second, slow, ash-rich ones usually do not exceed one pulse per
second (Figure 6b).

From the duration, the ejection velocity, and the lateral extend of the explosions, we can compute a rough
estimation of the volume of the gas/pyroclast mixture at the exit of the vent. Estimated volumes range
through more than 5 orders of magnitude, from puffing (1–102m3), through rapid explosions (around
102m3), to normal explosions (102–106m3), ash-rich normal explosions usually having larger volumes than
bomb-rich ones (Figure 6c). We note that, for a typical vent diameter of 5m, a spherical gas pocket cannot
exceed 65m3. Thus, puffing can originate from gas pockets smaller than the vent diameter, while, for rapid
and normal explosions, the gas pockets have to be elongated up to several hundred of meters long, i.e., either
contiguous “slugs” [Vergniolle and Jaupart, 1986] or forming a cluster of closely spaced gas pockets, each one
at the origin of a pulse [Taddeucci et al., 2012].

Figure 6. Scatter diagrams of themain characteristics of vent activity observed in this study, as a function of ejecta (gas and
pyroclasts) velocity at the vent: (a) ejection duration; (b) ejection pulse frequency; (c) ejection volume. For the pulse fre-
quency, puffing is not represented because it includes only one, single pulse.
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4.3. Onset and Ending of Normal Explosions: Precursors and Coda

In most of the normal explosions, the ejection velocity did not remain constant with time. Types 0, 1, and 2a
explosions had an impulsive start, i.e., maximum velocities are usually reached at the beginning of the explo-
sion. Then, the decrease of the ejection velocity can be either monotonic (e.g., S-C13b) or in a more complex
fashion (e.g., S-NE15c) [Gaudin et al., 2014b]. Conversely, ash-rich explosions (type 2b) were emergent
(Figure 4) [Spina et al., 2015], with a maximum intensity reached after a few seconds of explosions.

On some cases, the start of normal explosions is anticipated by precursors. A surface inflation of 1–2m was
visible on the last 2 s before ash-rich explosions (Figure 7 and Movie S6) [Capponi et al., 2016a]. This deforma-
tion can, in some cases, generate small landslides.

On the other hand, bomb-rich explosions (types 1 or 2a) were sometimes preceded by the appearance or the
increase of degassing and puffing. This was particularly spectacular for vent S-NE14c (Figures 4 and 8), but the
same observation may apply for vents S-C13b and S-NE13a. These precursors had the same characteristics as
other puffing, whether in terms of volume, rise velocity, and absence of pulses. Thermal videos of vent
S-NE14c (Figure 8 and Movie S7) show that, most of the time, the gas originated from the center of the
conduit. In some cases, however, the gas leaked from a roughly circular area surrounding it (see Movie S8,
captured 30min before case S-NE14c at the same vent).

After an explosion, puffing activity often gradually declined from anomalously intense puffing to pre-
explosion puffing levels over tens of seconds (S-C13a, S-C13b, S-NE13c, and S-NE14c). These periods
may correspond to the postexplosion degassing periods or codas of Tamburello et al. [2012] and Pering
et al. [2016].

5. Discussion: An Interpretative Scheme for Vent Dynamics During
Strombolian Activity
5.1. A Continuum of Activity Styles

Our observations clearly show how the observed vent activity forms a spectrum, in terms of the erupted
volume, the duration, the ejection velocity, the pulse frequency, or the products (Figures 4–6). The classifica-
tion into puffing, rapid explosions, and four types of normal explosion indeed represents only end-members
with blurred boundaries, explaining the difficulty to define an objective classification that would be
valid worldwide.

On Figure 6, it appears clearly that the main characteristics of the explosions (duration, ejection velocity, and
pulse frequency) can be linked to their magnitude and nature of erupted products. Puffing events, with the

Figure 7. (top) Time/height diagram and (bottom) processed still frames showing the onset of ash-rich explosions.
(a) S-SW12a explosion, displaying a characteristic emergent start. (b) S-SW13h, exhibiting an inflation of the surface
prior to the explosion (see also Movie S6).
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smallest magnitude (and intensity), are shorter, with lower ejection velocities and lower pulse frequencies
with respect to other activities. Regarding the products, a continuum appears from gas-rich (type 0)
through bomb-rich (type 1) and bomb-and-ash-rich (Type 2a) to ash-rich explosions (type 2b), the former
being on average shorter, faster, and with higher pulse frequencies. Considering these two continuum
parameters, we propose that all the various observed activities can be represented in a two-axis
interpretative scheme based on these two parameters (Figure 9). The scheme is split in three regions,
broadly dividing impulsive explosions, explosions with an emerging start, and combinations of the two
parameters that we never observed (e.g., ash-rich puffing).

The fact that all possible eruption dynamics are part of a continuum also suggests a commonalty of control-
ling mechanisms. In the following subsections, we illustrate how our scheme and observations are compati-
ble with previous studies which explain the variability of Strombolian eruptions by the interaction of two
established factors, independent of the specific characteristics of each volcano and vent: the length of the
gas pocket and the presence of a high-viscosity layer.

5.2. Length of the Gas Pocket and Conduit Diameter

The fundamental difference between puffing and normal explosions is the volume of gas and pyroclasts
released (Figure 5). Analytical and experimental studies demonstrated that the length of a slug pocket is
directly linked to the overpressure when it bursts [James et al., 2008; Del Bello et al., 2012], which is, in turn,
linked to the ejection velocity of the gas and the pyroclasts [Alatorre-Ibargüengoitia et al., 2010; Taddeucci
et al., 2012].

In the case of puffing, the length of the gas pocket is the same order of magnitude as the diameter of the
conduit: indeed, the smallest puffs may not fill the whole conduit section (Figure 5) and puffs are constituted
by one, single release event. Conversely, normal explosions are associated with higher velocities andmultiple
pulses. In between, rapid explosions may be constituted by a small number of pulses. The number of pulses

Figure 8. Time/height diagram and processed still frames showing the onset and the ending of ash-poor explosions.
(a) S-C13b explosion, displaying a subtle increase of the puffing activity. (b) S-NE14cbis, showing strong release of gas
from a ring around the vent. (c) S-NE14c, showing a clear increase of the puffing activity both before (precursors) and after
(coda) the explosion (see also Movies S7 and S8).
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seems to be linked not to the length of the gas pocket but to the ratio between this length and the conduit
diameter [Gaudin et al., 2014b]. This hypothesis would fit with observations of spattering in lava lakes, where
explosions driven by laterally unconstrained gas pockets are made of a single pulse [Dibble et al., 2008].

5.3. Clogging of the Vent

As for the explosion magnitude, Figures 4 and 6 show gradual shifts from gas-rich type 0 emissions, through
bomb-rich type 1 events, bomb-and-ash-rich type 2a, to longer lasting, ash-rich type 2 explosions.
Observational, textural, and experimental evidence relates such shifts to the thickness and properties of a
region of comparatively cold, viscous, degassed material capping the conduit [Lautze and Houghton, 2007;
Andronico et al., 2009; Gurioli et al., 2014; Capponi et al., 2016a], which is absent for type 0 explosions
[Leduc et al., 2015]. This layer could be due to the presence of debris on top of the vent and/or the presence
of a viscous plug made of cooled, partially crystallized magma at the top of the column [Del Bello et al., 2015;
Capponi et al., 2016b].

Our observations do not allow quantitation of the physical properties of this layer or to favor one or the other
hypothesis, but they rather demonstrate how this high-viscosity layer (HVL) modulates the vent activities.
First, we note that the highest ejection velocities are reached by the type 0 explosions, suggesting that frag-
menting and moving the cap require dissipation of a significant part of the energy represented by the gas
overpressure [Alatorre-Ibargüengoitia et al., 2010]. This interpretation is supported by the emergent start of
the type 2b explosion where the progressive disruption of the HVL on its weakest points (i.e., the center
and the boundaries, see Figure 7) allows for increasing ejection velocities.

Neither puffing nor rapid explosions are associated with the ejection of ash (Figure 4). This could be linked to
the fact that only the largest slugs have enough buoyancy to reach the surface in the presence of an HVL. In

Figure 9. Interpretative scheme of vent dynamics for Strombolian activity. Transitions from puffing through rapid explo-
sions to normal explosions are controlled by increasing the volume of the bursting gas pocket with respect to the vent
diameter, while the presence and the thickness of a high-viscosity layer (HVL) control the type of Strombolian explosions
and concomitant puffing dynamics. Thick HVLs are incompatible with puffing and rapid explosions and cause the emer-
gent bursting of large gas pockets. On the right of the panel, the arrows represent the evolution of the main parameters of
the explosions with the two controlling factors.
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that case, gas might either collect
beneath the HVL to burst intermit-
tently or escape passively through
or around the HVL. Another comple-
mentary possibility is that puffing or
rapid explosions inhibit the develop-
ment of an HVL by stirring and
heating the magma and generating
preferential paths for the rise of gas
pockets. A similar hypothesis has
been proposed by Landi et al. [2011]
to explain the more frequent occur-
rence of ash-poor explosions at the
center of the crater terrace and
during more active eruptive phases
(Figure 2).

A few seconds prior to type 0 and
type 1 explosions, an increase in the
frequency of puffing is sometimes
observed (Figure 8). The small
volume and low-exit velocity of these
precursor puffs indicate that the
overpressure in the driving gas pock-
ets is small, suggesting that they do
not originate from the large gas
pocket that drives the following
explosion. We suggest that, between
two normal explosions, a thin HVL
develops and slows down the gas
pockets at the vicinity of the surface
(Figure 10). The rise of a large gas
pocket will strain the high-viscosity
layer sufficiently to increase its per-
meability by either fracturing
[Suckale et al., 2016] and/or increas-
ing pore connectivity through defor-
mation. This will facilitate a

precursory release of puffs. Similarly, after an explosion, large puffs can escape through the ephemerally
disrupted layer during some tens of seconds, until its integrity becomes restored.

5.4. An Interpretative Scheme for Vent Dynamics During Strombolian Activity

The classification of the explosions proposed on Figure 9 can be interpreted on the basis of the interaction of
the two abovementioned factors: the relative thickness of the high-viscosity layer determining the relative
proportion of the eruption products (gas, ash, and bombs) and the gas pocket length determining the
magnitude (volume) of the explosions.

In Figure 9, the velocity of the ejecta and the number of pulses increase toward the top-right corner. Both of
them are linked to overpressure at bursting, which increases with the size of the gas pocket [James et al.,
2009; Del Bello et al., 2012] and decreases with the thickness of the high-viscosity layer, which has to be
disrupted and displaced before the explosions. This diagonal axis also marks the transition between the
absence of explosions and the impulsive explosions, through “emerging explosions” and explosions with
precursors, where the high-viscosity layer is progressively disrupted. Conversely, the duration of the explo-
sions increases toward the bottom-right corner, i.e., toward the largest gas pockets and the lowest
discharge rates.

Figure 10. Proposition of interpretation of the precursors and the coda
observed during Strombolian explosions (not to scale).
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This diagram also illustrates how and which styles can coexist at the same vent. Gas pockets of variable
volumes may arrive, but since HVL thickness is a characteristic of the vent (at our observational time scale),
only horizontal associations are possible in this scheme, as for example, type 0/1 normal explosions
with puffing.

Our observations do not presume to incorporate comprehensively vent activity during Strombolian eruptions
worldwide. Because it is based on four volcanoes with similar characteristics, this two-factor interpretative
scheme applies only to styles characteristic of Strombolian activity. Extending this scheme toward other
types of activity (e.g., Hawaiian or Vulcanian) will probably require integration of other parameters. In addi-
tion, the proposed scheme is valid only within the limited time window of our observations, which do not
include systematic changes in the two controlling factors on longer time scales. Such changes tend to occur
in different ways at different volcanoes, leading to significant shifts in activity that goes beyond what we
described here. Examples of such volcano-specific shifts are the transition between Strombolian and foun-
taining activities at Etna [Calvari et al., 2011] and both the transition between normal and paroxysmal
activities and the shift in puffing location from one vent to another at Stromboli [Harris and Ripepe, 2007b;
Ripepe et al., 2009]. Instead, we believe our scheme to be effective in capturing “instantaneous” shallow
dynamics for a range of vent activities that are the most common, both temporally and spatially, on the
subaerial part of our planet.

6. Summary and Conclusion

Although they have similar characteristics in terms of magma composition and vent diameter, the 35 events
that we observed at Batu Tara, Etna, Stromboli, and Yasur represent a wide variety of activity. The continuum
observed in terms of volume, duration, ejection velocity, number of ejection pulses, and type of products
suggests a common source mechanism during Strombolian activity.

Our new observations on the precursory puffing and a review of literature information lead us to propose that
the observed diversity arises from the combination of two well-established factors: (1) the size of the gas
pocket (controlling the volume of the explosion, i.e., its magnitude) and (2) the presence of a high-viscosity
layer (determining the erupted products and modulating the outgassing process). The observation of the
interplay between these two factors (e.g., by the observation of the precursors), together with the description
of their effects on the explosion parameters (products, duration, exit velocity, volume, and number of pulses),
strongly supports this hypothesis. Our study does not focus on the dynamics of gas pocket behavior or on the
development and maintenance of a high-viscosity layer. Rather, it focuses on how they interact to generate
the variety of explosion styles observed in Strombolian volcanoes. It also provides an interpretation for the
coexistence and the interplay of diverse activities at a single vent.
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