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Origin of Basaltic Subplinian Eruption at Shishaldin o
Volcano (Alaska): A Vigorously Degassing Magma Reservoir
Hosting Small Bubbles

S. Vergniolle!

"Université Paris Cité, Institut de Physique du Globe de Paris, CNRS, Paris, France

Abstract The 1999 basaltic eruption of Shishaldin volcano (Alaska) displayed a transition between
Subplinian and Strombolian activity. Strombolian bubbles indicate the presence of a periodically unstable foam
at the top of magma reservoir. In contrast, a long foam, whose rupture led to the eruptive column, was also able
to collect in the conduit. Laboratory experiments show that long foams can be produced in a conduit by the
spreading of a stable foam accumulated at the top of the reservoir. The existence of a Taylor bubble at the onset
of the Subplinian phase, also reproduced by my laboratory experiments, suggests that the foam in the reservoir
was just at the transition between stable and unstable. This constrains the bubble diameter prior to the Subplinian
phase to be 0.034-0.038 mm when using the foam dimensionless analysis and the underlying gas flux (0.52—
0.80 m?/s). The increase in bubble diameter and potentially gas flux prior to the Strombolian activity, 0.81—
1.4 m*/s, is sufficient to explain the foam in transition to be unstable. The radius of the magma reservoir is small,
200-210 m, as expected. The bubble diameter is the smallest of those estimated for classical basaltic eruptions
(Etna, Kilauea, Erta 'Ale), while the gas flux is among the largest. A dilute suspension of small and isolated
bubbles cannot explain the large gas flux at Shishaldin. This implies numerous bubbles with a gas volume
fraction >0.63—2%, a regime for which the bubbles form bubble clusters. The diameter of these bubble clusters,
3.0-5.4 mm, is sufficient to explain large gas fluxes.

Plain Language Summary Basaltic eruptions, producing high eruptive columns, 16 km of ashes and
volcanic gases, are rare and not yet well understood. The goal of this paper is to use the chronology of the 1999
Shishaldin eruption in Alaska, the estimates of expelled gas volumes obtained by previous studies of infrasound
to understand this rare but dangerous eruptive regime. An analog volcano, no more than a few tens of
centimeters, filled by viscous oils and small bubbles, was used to estimate key degassing parameters in the
magma reservoir, that is, the diameter of the small bubbles and the gas flux at 3 km depth. The strength of this
model is to be able to understand the four main basaltic eruptive patterns at the surface by a single set of
parameters in the magma reservoir, the magma viscosity, the bubble diameter and the underlying gas flux.

1. Introduction

The role of bubbles has long been recognized as a critical parameter in the dynamics of eruptions (Navon &
Lyakhovsky, 1998; Sparks, 1978; Sparks et al., 1994). Bubbles start forming at depth and grow during rise by gas
diffusion and decompression. Because equations for bubble growth are complex even for a single bubble in an
infinite liquid, various approximations have been discussed, for highly viscous magmas (Barclay et al., 1995),
constant decompression rate (Lyakhovsky et al., 1996; Proussevitch & Sahagian, 1998; Toramaru, 1995) and
constant ascent rate (Proussevitch & Sahagian, 1996). Another complexity comes from the interaction between
neighboring bubbles, which may lead to bubble deformations favorable to bubble coalescence (Castro et al., 2012;
Manga & Stone, 1995). A thin shell model has been proposed for bubbles packed in a foam (Barclay et al., 1995;
Proussevitch et al., 1993). Bubbles at the surface are typically hundreds of microns to several millimeters in
diameter for classical basaltic eruptions (Cashman & Mangan, 1994; Mangan & Cashman, 1996; Polacci
et al., 2006, 2008, 2012) as well as for Subplinian activity (Stelling et al., 2002; Szramek et al., 2010) and for the
paroxysmal activity at Stromboli (Bai et al., 2008). The gas volume fraction at fragmentation, one of the key
parameters to understand fragmentation but not the sole one, is estimated to be ~0.64, regardless of magma
composition as soon as the magma viscosity exceeds ~10° Pa.s (Gardner et al., 1996). Because bubbles in basaltic
eruptions usually evolve after fragmentation due to their low viscosity, the vesicularity of basaltic scoria deposits
does not record the fragmentation of basaltic Plinian eruptions (Gardner et al., 1996; Szramek et al., 2010).
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However, crystals can preserve the textures at fragmentation, at least at the rim (Szramek et al., 2010), in some of
the basaltic Plinian eruptions, such as at Masaya (Nicaragua) and Llaima (Chile) (Arzilli et al., 2022; Bamber
et al., 2022; Valdivia et al., 2022).

Parfitt and Wilson (1995) and Parfitt et al. (1995) suggested that the typical basaltic regimes resulted in a pro-
gressive bubble nucleation, growth and coalescence in the conduit while La Spina et al. (2021) parametrized the rise
of abubbly liquid in the conduit tuning their entry parameters to obtain either a Subplinian or a Strombolian activity.

Basaltic eruptions exhibit a cyclicity between quiescence and gas-rich periods such as Hawaiian high-level lava
fountains or typical Strombolian explosions, unexplained by models discussed above (La Spina et al., 2021;
Parfitt & Wilson, 1995; Parfitt et al., 1995). This cyclicity, results from the dynamics of a foam trapped at the top
of the reservoir (Jaupart & Vergniolle, 1988, 1989), a model later validated by many independent measurements
(e.g., Allard et al., 2005; Burton et al., 2007; Edmonds & Gerlach, 2007).

Basaltic eruptions displaying high-level eruptive columns are relatively rare, with only a handful of basaltic
Plinian or Subplinian eruptions described in the literature, such as that at Masaya and Cerro Negro, Nicaragua,
(Roggensack et al., 1997; Williams, 1983); Kilauea ca. 1650 (Ferguson et al., 2016; Fiske et al., 1999, 2000),
Fuego (Guatemala) (Lloyd et al., 2014; Rose et al., 2008), the An'ei eruption of Izu-Oshima (Japan) (Ikenaga
et al., 2023) and Sunset crater (Arizona) (Alfano et al., 2018; Allison et al., 2021), Shishaldin (Alaska) (Stelling
etal., 2002), Omok (Alaska) (Wong & Larsen, 2010), Llaima (Valdivia et al., 2022) and 1.8% of eruptions at Etna
volcano (Coltelli et al., 1995, 2000). This list is made even shorter when phreatomagmatic eruptions (e.g., the
initial and the final phases of the 1886 eruption of Tarawera, New Zealand; (Carey et al., 2007; Sable et al., 2009;
Walker et al., 1984)) and silicic precursors to basaltic eruptions (Hekla, Iceland, (Thorarinsson & Sigvalda-
son, 1972)) are removed.

A number of mechanisms have been suggested to explain how fluid basaltic lava can generate an explosive high-
level eruptive column. One means is through viscosity increases and transition to non-newtonian behaviour
(Arzilli et al., 2022; Moitra et al., 2018), such as caused by microlite crystallization (Bamber et al., 2020;
Houghton & Gonnermann, 2008; Moitra et al., 2018; Sable et al., 2009; Valdivia et al., 2022), vesiculation due to
rapid magma decompression (Coltelli et al., 1998; Moretti et al., 2018), restriction of the effective radius of the
conduit (Houghton et al., 2004; Sable et al., 2006), deep exsolution of CO, (Allison et al., 2021), multiple magma
reservoirs and pathways (Ikenaga et al., 2023) or richness in volatiles (Roggensack et al., 1997). The role of the
sole richness in volatiles is now questioned as no direct link was found between the intensity of the eruptions at
Kilauea and the concentration of pre-eruptive volatiles (Ferguson et al., 2016). Alternatively, a fast ascent rate
was called for to explain the basaltic Plinian eruptions of Etna (122 BC) and Masaya (Fontana lapilli) (Namiki &
Manga, 2006), due to a moderate richness in water, 3 wt% (Goepfert & Gardner, 2010). Similarly, the 1999
eruption at Shishaldin had been qualitatively interpreted as resulting from a fast ascent rate (Stelling et al., 2002),
in agreement with its moderate richness in water, ~2.5 wt% (Rasmussen et al., 2018). The magma ascent rate was
also called for to explain both Subplinian and Strombolian activities, by fast and slow values, respectively
(Larsen, 2016). At Cerro Negro, different decompression paths on a nearly identical magma have been thought to
produce either an explosive (1992) or effusive (1995) basaltic eruption (Roggensack et al., 1997). A closed-
system degassing within a new magma rising from depth, such that deduced for the 17 October 1974 episode
at Fuego (Lloyd et al., 2014), is often called for to explain the basaltic (Sub)-plinian eruptions. However the
degassing during the basaltic Subplinian and Plinian eruption of Shishaldin and Etna (122 BC eruption),
respectively, had occurred as an open-system degassing (Moretti et al., 2018; Rasmussen et al., 2018; Stelling
et al., 2002). Bombs have also a fluidal shape at Shishaldin (P. Stelling, pers.com.), showing that the magma
fragmentation was ductile in the conduit whereas at the other extreme, bombs during the Oct 1974 episode at
Fuego were sub-angular (Rose et al., 2008), hence indicative of a brittle fragmentation.

Basaltic (Sub)-plinian eruptions, which occurred with an open-system degassing, such as at Shishaldin (Ras-
mussen et al., 2018; Stelling et al., 2002) and Etna (Coltelli et al., 1998; Moretti et al., 2018), are still puzzling as
the gas seems to be able to both move freely through the magma plumbing system and to be trapped in the conduit,
such as to produce a high-level eruptive column, ~16 km and ~24-26 km in height, respectively (Coltelli
et al., 1998; Nye et al., 2002). One option to explain the existence of Strombolian phases prior to a high-level
eruptive column could be by turning the magma ascent rate from slow to fast during the eruption. However
the occurrence of such a quasi-instantaneous change, such as required at Shishaldin (Caplan-Auerbach &
McNutt, 2003; Figure 1), is very unlikely. A major recharge of magma, coming from a depth exceeding 20 km,
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Figure 1. Interpretation of the chronology of the 1999 eruption of Shishaldin volcano with a simplified sketch of the Subplinian phase (see Vergniolle & Caplan-
Auerbach, 2006 for details) with gas volumes at atmospheric pressure expelled during each phase of activity, Vol,; (a) Unrecorded spattering phase of April 18 at 2:00 a.
m., for a presumably start of the eruption on April 7 (Thompson et al., 2002); (b) Pre-Subplinian phase on April 19 with local coalescence events within a long foam,
producing the “hum” events and the two thermals (Vergniolle & Caplan-Auerbach, 2004, 2006); (c) Generalized view of the Subplinian phase on April 19, initiated at
19:31, and producing one high-level eruptive column during ~47 min while withdrawing more than half of the conduit (Vergniolle & Caplan-Auerbach, 2006); (d) first
Strombolian phase starts just after the end of the Subplinian phase on April 19; (e) The second Strombolian phase on April 22-23 starts after 60 hr of quiescence;
(f) Toward the end of the second Strombolian phase (on April 23 at 5:30), bubble overpressure at the vent is very large, up to ~1.4 MPa, suggesting that the conduit is
very rich in small gas bubbles (Vergniolle et al., 2004; Vergniolle and Caplan-Auerbach, 2006).

occurred 50 days before the first observation of the eruption, while a minor mixing event had occurred 11 months
before (Rasmussen et al., 2018), suggesting no obvious change in the magma ascent rate.

Infrasonic measurements during the 1999 eruption at Shishaldin had provided invaluable estimates of the gas
volumes produced at the vent during the pre-Subplinian phase (Vergniolle & Caplan-Auerbach, 2004), the
Subplinian phase (Vergniolle & Caplan-Auerbach, 2006) and the two Strombolian phases (Vergniolle
et al., 2004). Investigating these eruptive transitions in the light of the estimated degassing may be the key to
determining what causes a relatively placid eruption to exhibit more violent behavior. We have proposed that the
basaltic Subplinian eruptive column results from the disruption of a long foam, ~2.0 km, accumulated in the
conduit (Vergniolle & Caplan-Auerbach, 2006). The novelty of my paper is primarly to suggest a mechanism for
building-up a long foam in the conduit not based on a sudden decompression, as nonexistent at Shishaldin.

Here, I suggest that the foam builds in the conduit because the foam trapped at the top of the reservoir is stable and
spreads radially, focusing a large gas flux accumulated onto a relatively large surface into a small conduit. I
reproduce this condition by laboratory experiments in order to mimic the conditions prevailing at the initiation of
the Subplinian phase and explore the consequences on eruption dynamics. I then determine gas volume fraction,
bubble diameter and gas flux in the reservoir independently. The aim of this paper is to add a new basaltic regime,
the rare basaltic high-level eruptive column, into the single framework already developped for high-level lava
fountains and Strombolian activity (Jaupart & Vergniolle, 1988, 1989; Vergniolle & Jaupart, 1990) and for the
weak Strombolian activity at Erta 'Ale (Vergniolle & Bouche, 2016). Here I show that any basaltic activity only
results from the values of three parameters in the reservoir, namely gas flux, magma viscosity and bubble
diameter. I further propose that the bubble population in the magma reservoir results from different magma ascent
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rate at four volcanoes, very large for Shishaldin, large for the Kilauea Iki eruption at Kilauea, intermediate at Etna
and small at Erta 'Ale.

2. Description of Eruptive Activity

Shishaldin volcano is located above the North Pacific subduction zone. The regional setting, geologic history and
instrumentation in place at Shishaldin are described in Beget et al. (2003), Stelling et al. (2002), Thompson
et al. (2002) and Caplan-Auerbach and McNutt (2003).

For the purposes of this paper, I reiterate that Shishaldin eruptions prior to 1999 were often brief with basalts to
basaltic-andesite magmas (Nye et al., 2002). However Shishaldin went into a fairly prolonged series of Strom-
bolian explosions since 1999 (Cusano et al.,, 2015; Fee et al., 2021; Petersen et al., 2006; Petersen &
McNutt, 2007) and produced small, ~200 m, discrete steam plumes exiting at the summit crater (Petersen &
McNutt, 2007). The omni-present steam plume and steam puffs together with repetitive LP events, coupled in
short-period and long-period bands, may be related to degassing (Caplan-Auerbach & Petersen, 2005).

Eruptive activity at Shishaldin is often associated with small steam and ash plumes at the summit. One hundred
tephra layers have been deposited by plume eruptions over the last 9000 years, however only 11 of them are as
widespread and voluminous as the 1999 eruption (Beget et al., 1998; Stelling et al., 2002). Strombolian activity is
also frequent either at the summit or on the flanks, as marked by the 55 basaltic cinder cones on the volcano flanks
(Nye et al., 2002).

The exact start of the eruption is unclear due to poor weather, but the sudden increase of the tremor level on 7
April 1999 suggests that the eruption had started on this day at ~18:00 (all times in the paper are UTC)
(Thompson et al., 2002). The 1999 eruption was first confirmed on April 18 at 02:00 when researchers from
Alaska Volcano Observatory (AVO) observed spattering within the summit crater (Nye et al., 2002). The
eruption, as detected by infrasonic and seismic sensors, built up in strength, during the pre-Subplinian phase
(Caplan-Auerbach & McNutt, 2003; Thompson et al., 2002). This phase was marked by a close series of weakly
overpressurized large bubbles, called “hum” events, interrupted in the middle by the disruption of two small
eruptive columns, called thermal phases (Vergniolle & Caplan-Auerbach, 2004, 2006) (Figure 1). This “humming
signal” is interpreted by a close series of bursting of large bubbles resulting from local coalescence within a long
foam building up in the conduit (Figure 1) (Vergniolle & Caplan-Auerbach, 2004, 2006). The humming signal
stopped immediately before a Subplinian phase brought an ash plume to heights greater than 16 km (Nye
et al., 2002). The initiation of this high-level eruptive column is marked by the bursting of a very overpressurized
quasi-cylindrical Taylor bubble, called the trigger bubble (Vergniolle & Caplan-Auerbach, 2006). Shortly after
the Subplinian phase, a sequence of signals interpreted as Strombolian bubble bursts were detected on infrasonic
records (Figure 1) (Vergniolle et al., 2004). Two episodes of Strombolian activity occurred, on April 19-20 and
again on April 22-23, both quantified in terms of bubble radius, length and overpressure (Vergniolle et al., 2004).
The time at which the eruption ended is not well constrained due to a lack of visual observations and infrasonic
data. The large ash plume of May 25-26 is believed to be the final major episode of the 1999 eruption (Nye
et al., 2002). However, I consider that the eruption has mainly stopped at the end of the second Strombolian phase
since the late ash plumes occurred very infrequently.

3. Independent Constraints on Magma at Depth

In this section, I discuss the constraints existing on the parameters, later used in my model.

3.1. Calculation of Melt Viscosity From Melt Inclusions

The location of Shishaldin at the transition between the oceanic and continental subduction domains leads to a
magma of tholeitic composition during the 1999 eruption but richer in water, with a maximum of =2.5 wt%
(Rasmussen et al., 2018), than that of Kilauea, ~0.8 wt% (Edmonds et al., 2013; Ferguson et al., 2016).

More than fifty melt inclusions were analyzed to obtain magma composition, volatile content, temperature and
depth of storage, when assuming chemical equilibrium (Figure 2) (Rasmussen et al., 2018, https://doi.org/10.1016/
j-epsl.2018.01.001). The water content in the melt inclusions, corrected for the fast diffusion of water after the
closing-up of the melt inclusion using a relationships between sulfur and water, leads to an estimate for the depth of
entrapment for each melt inclusion (Rasmussen et al., 2018). The depth of storage, that is, the depth at which melt
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Figure 2. Results on magma composition from melt inclusions as a function of the pressure of entrapment, P, that is, the initial pressure at which the melt inclusion
forms (Rasmussen et al., 2018) (see text for details) with (a) SiO, content (wt%), (b) MgO content (wt%), (c) the ratio CaO/(CaO + Al,0O5), (d) H,O content (wt%),
(e) Temperature of entrapment, Tentrap (°C) and (f) the melt viscosity (Pa.s) using Giordano et al.” s model, (2008a, 2008b) and assuming no crystals in the melt. The
magma viscosity is multiplied by a factor 2.5 (Mader et al., 2013) when adding 29% of phenocrysts, the maximum possible (Stelling et al., 2002). The increase in SiO,
content and in the ratio CaO/(CaO + Al,0O;), the decrease in MgO and in H,O contents at a pressure of 60 MPa show that the crystallisation, already started in the
reservoir (Stelling et al., 2002), is significantly enhanced at this depth and above. The blue crosses, orange stars, purple diamonds and red circles represent the type of
zonation in the host crystal, reverse, weak-none to none, undetermined and normal, respectively (Rasmussen et al., 2018) (see text for details). The purple circles are
values which may be outliers. The magma viscosity at 60 MPa, assumed to be the depth of the reservoir (Rasmussen et al., 2018) is ~60 Pa.s and stays around this value
up to ~120 MPa before decreasing at larger depths.

inclusions had stayed for duration > hours-day, varies between the surface and a depth of 3 km, while the depth of
entrapment varies between 2 and 20 km (Rasmussen et al., 2018). The melt viscosity, defined as being that of a
magma without crystal (u;;q; Table 1), was estimated for each melt inclusion from the melt composition, water
content and temperature, all restored at the depth of entrapment (Rasmussen et al., 2018), using the Giordano
et al. (2008a, 2008b)'s model for the viscosity, well adapted for basaltic melts with dissolved water (Figure 2,
Vergniolle, 2024a, 2024b). Four groups of melt inclusions have been distinguished, as a function of the host crystal
zonation, which could be reverse, normal, weak to absent or unknown (Rasmussen et al., 2018). The reverse
zonation results from an interaction between a resident magma and a new magma, likely to have occurred in the
conduit, while the normal zonation indicates a perfect mixing stage, likely to have occurred in the reservoir and at
depth.

The evolution of the water content with the depth of entrapment (Figure 2) is fairly smooth, reaching an
assymptotic value of 2.5 wt% at ~60 MPa, hence a depth of 3 km. The melt viscosity clearly shows the largest
value close to the surface, a well marked and steep descending gradient around 40—-60 MPa, a plateau between 60
and 120 MPa, which could represent the thickness of the shallow magma reservoir, and a slow descent toward the
largest pressures (Figure 2). The steep gradient in magma viscosity at pressures of 40-60 MPa, also clear on the
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. . eruption (Lu et al., 2003, 2007; Moran et al., 2006). This could be related to
P essub Pressure in reservoir prior 6 . . L.
Subplinian (Pa) either the long delays between the InSAR images or the shape of the existing
Ou Gas flux of bubble cluster in 1 magm.a reservoir, with a sn.lall su.rface area and perhaps a cylindrical §hape.
et () Chemical data from melt inclusions suggest that the magma stays in the
0. Gas flux in reservoir (m’s~") 2.9 shallow magma rf{servmr sufficiently long a time to be able to grow olivine
phenocrysts (Stelling et al., 2002). Furthermore the storage depth of all the
cond Radius of conduit (m) 5 . .
melt inclusions, between 0 and 3 km, had led Rasmussen et al. (2018) to
Rectust Reynolds m;mber of bubble 12 explain the lack of deformation by the existence of a small and/or cylindrical
cluster reservoir, whose top is located at a pressure of 60 MPa, hence at a depth of
Ries Radius of reservoir (m) 5 ~3 km when assuming a magma density of 2,200 kg.m™. Another indirect
Ses Surface of reservoir (m”) 7,9, 11 constraint on the magma reservoir at Shishaldin comes from infrasonic
Uo, Drainage velocity in foam (m.s™") 1 measurements of the trigger bubble, thought to have induced the Subplinian
Ut Velocity of bubble cluster (m.s™") 1 phase (Vergniolle & Caplan-Auerbach, 2004, 2006). The gradual increase,
Vi Volume of foam (m®) 7.8 observed 1.n the low frequency range of 1nfra§0n1c pressure ‘t.>ef0re the trigger
v Vol S 2 . bubble arrives at the surface, has been associated with the rise of this Taylor
== olume of gas in foam (m’) bubble from the depth of the magma reservoir (Vergniolle & Caplan-Auer-
a GesyolimEHiactiontintrescryoit 9 bach, 2006). This suggests that the reservoir is located at ~3.9 km (Vergniolle
st Gas volume fraction of bubble 11 & Caplan-Auerbach, 2006), which corresponds to a pressure of 74 MPa when
ellegizr assuming a foam of ~2.0 km long in the conduit (Vergniolle & Caplan-
€ Gas volume fraction in foam 1 Auerbach, 2006) and a magma density of 2,700 kg.m™>, just slightly above
€qtust Gas volume fraction within in text prior to Equation 10 the value of 2,600 kg.m™ used by Stelling et al. (2002). This is in very good
bubble cluster agreement with the estimates from melt inclusions, ~60 MPa (Rasmussen
€ros Gas volume fraction in foam 3 et al.,, 2018). In the rest of the paper, I assume that the shallow magma
trapped in reservoir reservoir is located at 3 km below the summit (Table 2).
Viscosity of bubble cluster (Pa.s 10 . . . . .
Helust lﬁcofl y 0. ubble cluster (Pa.s) The existence of a shallow magma reservoir and the richness in volatiles of
Hoam ViseTsily o it (F) % the magma, such as the gas is already exsolved at its depth, are the two key
Hiiq Viscosity of liquid (Pa.s) 1,9, 10, 12 ingredients on which the foam model is based (Jaupart & Vergniolle, 1988,
Pelust Density of bubble cluster 10 1989; Vergniolle & Jaupart, 1990). These laboratory experiments have shown
(kgm™) that the foam stability is well described with a fairly minor constriction be-
Peas Density of gas (kg.m™>) 9 tween the radius of the reservoir and that of the conduit, a factor 6 being
Priq Density of liquid (kg.m™>) 1,9, 10, 12 typically used but even a factor 3 being sufficient (Jaupart & Verg-
. Surface tension (kg.s~2) 5 niolle, 1989). I shall now discuss the constraints brought by the tremor on the

Note. The label “Equations” refers the the number of the equation in which

2 ¢

the symbol appears. The indexes “foam,
reservoir, the bubble cluster.

res,” “clust” refer to the foam, the

estimates of the gas flux in the magma reservoir before going into the
applicability of the foam model to the eruptive patterns at Shishaldin.
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Figure 3. (a) Reduced displacement of the tremor (cm?) (Thompson et al., 2002) as a function of time in days. It is calculated
each 10 min at the distance of 10.1 km (SSLW) from the likely start of the eruption on 7 April 1999 to the end of the second
Strombolian phase, which mostly marks the end of the eruption (adapted from Figure 3 in Thompson et al., 2002). Data are
filtered above 0.8 Hz to remove the oceanic noise. The tremor increases very regularly (around the April 17 at ~0:00) before
the Subplinian phase and before the second Strombolian phase (around the April 20 at ~12:00). The first Strombolian phase
occurs very quickly after the Subplinian phase and lasted 3 hr and a half (Figure 1). The regular increase prior to the second
Strombolian phase suggests that it initiated at depth a few days before its surface expression. The tremor increase on April 17
and April 20 suggests to use a timescale of 63 hr 31 min and 36 hr for the foam accumulation at the top of the reservoir before
the Subplinian phase and the second Strombolian phase, respectively. These two timescales become 41 hr 31 min and 60 hr,
respectively, when using the surface activity as a clock marking the start of the foam accumulation in the reservoir; (b) Role
of the dimensionless foam height, N,, onto the bubble diameter predicted by the foam model (Equation 2); (c) Bubble
diameter predicted by the foam model (Equation 2), assuming that the geometrical coefficient, Cye,,, = 0.64 (Equation 5), as
for Shishaldin and Etna, and for the conditions of magma viscosity and surface tension at Shishaldin y;;, = 60 Pa.s (Figure 2);
6=0.1kgs™>), Etna (#1iq = 1 Pa.s (Métrich et al., 2001); 6 = 0.1 kg.s™2), Erta’Ale (#1iq = 25 Pa.s (Vergniolle and Métrich
et al., 2022); 6 = 0.36 kg.s_z) and Kilauea (ﬂnq = 10 Pa.s (Vergniolle, 2008); ¢ = 0.36 kg.s_z).

3.3. Tremor Records

Several models have been proposed to explain the volcanic tremor, among which the degassing had been sug-
gested to be a likely source at basaltic volcanoes (e.g., Caplan-Auerbach & Petersen, 2005; Ripepe & Gor-
deev, 1999; Ripepe et al., 2001) (see Supporting Information S1).

At Shishaldin, the tremor (Thompson et al., 2002) was recorded on short period seismometers at distances up to
17 km from the vent. The very sharp increase in tremor intensity on April 7 at 18:00 probably marks the opening
of the vent (Thompson et al., 2002). The Subplinian phase (April 19, 19:31) and the peak in overpressure during
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Figure 4. Laboratory experiments in an analog volcano with tank diameter and conduit diameter of 0.044 and 0.28 m,
respectively. The apparatus was filled with silicone oils (Rhodorsil 47V10) with a viscosity of 0.0093 Pa.s. The gas is
supplied by a N, bottle to prevent gas diffusion into the existing bubbles at a gas flux equal to 6.7 X 107° m%/s. The small
bubbles were produced at the base of the reservoir by a set of 185 identical capillaries, with an inner diameter of 0.38 mm,
regularly spaced. The specificity of the apparatus is to be able to produce a population of quasi-identical small bubbles,
1.5 mm in diameter, within an error of <10%. Two foams can be seen, one at the top of the reservoir (bottom part of the
photograph) and one in the conduit (white color).

trtt

Bubble generation
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Figure 5. Enlargement of the top of the reservoir for each photo presented in Figure 6 with an exact equivalence of indexes
between figures, showing the building-up of a foam (white color) produced under a gas flux of ~1.7 X 107> m%/s with
silicone 0il 47V10 (see details in Figure 4). (a) stable foam (white color) with very little tiny gray patches (locally coalesced
foam) potentially corresponding to foam ripening; (b) local foam coalescence producing gas pockets (dark color) at the outer
edges of the reservoir, resulting from the thickening of the foam over its critical thickness, hence starting the massive foam
coalescence. The trigger bubble corresponds to the gas pocket closest to the conduit and seen migrating toward it, as a
consequence of the foam spreading; (c) trigger bubble, approaching the conduit while new gas pockets resulting from the
massive foam coalescence are produced at the outer edges of the reservoir.
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Table 2
Various Estimates of the Degassing Reservoir, Bubble Diameter, D,,,, Radius of Magma Reservoir, R,,,, Diameter of Bubble
Clusters, D, for Two Gas Volume Fractions, a,,,, Equal to 2% and 0.63%, Reynolds Number of the Bubble Clusters, R,
for Two Reference Foams Accumulated in the Reservoir With a Gas Volume Fraction e€,, of 0.6 and 0.3
Reservoir at depth (z,., % 3 km; u = 60 Pas) | ¢,., = 0.6 0.3 0.6 0.3
Density, py;q (kgm™>) 2700 2700 2700 2700
Viscosity, py;q (Pa.s) 60 60 60 60
Surface tension, o (kg.s™%) 0.1 0.1 0.1 0.1
Conduit radius, R4 (m) 6 6 6 6
Prior to Subplinian phase
Measurements Tremor Tremor Surface Surface
Repose time (hr) 63.5 63.5 41.5 41.5
Gas flux before Subplinian (m’/s) 0.52 0.52 0.8 0.8
Bubble diameter d,., (mm) 0.038 0.077 0.034 0.069
Radius of magma reservoir, R, (m) 210 300 200 280
Gas volume fraction for clusters a ,, = 2%
Diameter of bubble cluster d.,, (mm) 3.5 2.5 4.6 32
Reynolds number R, (x107) 2.9 1.0 6.6 2.3
Gas volume fraction for clusters a,, = 0.63%
Diameter of bubble cluster d,, (mm) 5.4 44 8.2 5.8
Reynolds number R, (x107) 17 5.9 37 13
Bubble diameter at surface d,; (mm) 0.33 0.65 0.29 0.58
Prior to 2nd Strombolian phase
Measurements Tremor Tremor Surface Surface
Repose time (hr) 36 36 60 60
Gas flux before Strombolian (m?/s) 1.4 1.4 0.81 0.81
Foam model: N,/Cyeo, = 1.2 and C,,,,,, = 0.64
Bubble diameter d,, (mm) 0.036 0.072 0.041 0.082
Gas volume fraction for clusters a ,, = 2%
Diameter of bubble cluster d.,,, (mm) 5.7 4.0 4.6 32
Reynolds number R, (x107) 12 4.0 6.6 2.3
Gas volume fraction for clusters a,, = 0.63%
Diameter of bubble cluster d,, (mm) 10 7.1 8.2 5.8
Reynolds number R, (x107°) 70 24 37 13
Bubble diameter at surface d,; (mm) 0.30 0.61 0.34 0.69
Note. Magma density, surface tension and conduit radius are given by Williams and McBirney (1979), Khitarov et al. (1979)
and Vergniolle et al. (2004), respectively. The repose time used to calculate the gas flux is either based on the tremor intensity
(labeled “Tremor,” Figure 3a) or surface activity, (labeled “Surface,” Figure 1). Bubble diameter at the surface, dg, is
calculated using the ideal gas law (Equation 6) and its value at the depth of the magma reservoir.
the second Strombolian phase (April 23, 8:00), are evident at times marked 19 and 23 on Figure 3a. Tremor
increase begins 2 days and a half before the start of the pre-Subplinian phase and increases regularly until the start
of the Subplinian phase between times 17 and 19 on Figure 3a. A similar phenomenon occurs before the second
Strombolian phase, although with a faster increase and more variation between times 22 and 23 on Figure 3a.
The regular tremor increase prior to surface activity (Figure 3a) suggests that the Subplinian and Strombolian
phases initiate at depth a few days before their surface expression. In contrast, the first Strombolian phase,
although starting at a high level, appears as an erratic drop in the tremor intensity, suggesting that most of the foam
trapped in the reservoir is quickly escaping due to the decompression induced by the Subplinian eruptive column.
VERGNIOLLE 10 of 34
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This is in agreement with both the short delay between the end of the Subplinian phase and the start of the first
Strombolian phase, ~534 s (Figure 1) and the marked difference in bubble length and gas overpressure displayed
by the two Strombolian phases, with ~82 m and ~0.083 MPa and =24 m and ~0.15 MPa for the first and the
second Strombolian phase, respectively (Vergniolle et al., 2004). In this framework, the similarity in gas volumes,
at atmospheric pressure, between that expelled by the trigger bubble, ~1.3 x 10* m>, and that by a typical
Strombolian bubble during the first phase, ~1.2 x 10* m?, which is 6 times larger than that during the second
Strombolian phase, ~#1.9 x 10* m®, (Vergniolle et al., 2004), suggests to consider the trigger bubble as directly
resulting from a coalescence event within the foam accumulated in the reservoir.

Note that there is another pulse in the tremor, which corresponds to the few weakly overpressurized bubbles of
April 20 (Caplan-Auerbach & McNutt, 2003; Thompson et al., 2002; Vergniolle et al., 2004), whose gas volume,
potentially very small, has not been considered.

3.4. Gas Flux in the Reservoir

One ingredient necessary to predict the behavior in the degassing reservoir from a model based on the foam
dynamics is the underlying gas flux at the top of the magma reservoir (Jaupart & Vergniolle, 1989; Vergniolle &
Jaupart, 1990). This gas flux depends on the gas volume at depth and the time taken by the foam to accumulate
before being unstable. The gas volume at the depth of the reservoir, assumed to be 60 MPa (Rasmussen
etal., 2018), can be estimated at this depth from the gas volume expelled at the surface assuming an ideal gas. The
gas volume at the surface and the duration for the four major phases of the Shishaldin eruption have been deduced
from infrasonic measurements (Figure 1). I postpone the discussion on the potential errors brought to light by
more recent studies on jet noise (Fee et al., 2017; Ichihara, 2016; Matoza et al., 2013) and radiation patterns (Jolly
et al., 2017; Kim et al., 2012; Matoza et al., 2009; Tam et al., 2008) to Appendix A and the section “sensitivity
analysis” in the Supporting Information S1.

The characteristic timescale for foam accumulation in the reservoir prior to the Subplinian or the second
Strombolian phase could be based on surface activity (Figure 1) or on the temporal evolution of the tremor
amplitudes (Figure 3a). I favor the latter (details can be found in the Supporting Information S1), and present the
results for both timescales in Table 2. I use the gas volumes expelled during the pre-Subplinian, Subplinian and
first Strombolian phases to calculate the gas flux in the reservoir prior to the Subplinian phase (Equation 3 in
(Vergniolle & Gaudemer, 2012); Supporting Information S1) and that expelled during the second Strombolian
phase for that prior to this phase (Table 2).

In these conditions, the gas flux in the magma reservoir is markedly larger after than before the Subplinian phase
if based on the tremor amplitudes, with ~0.52 m*/s and ~1.4 m*/s for the Subplinian and Strombolian phases,
respectively (Table 2). However, the gas flux is similar if based on surface activity, with ~0.80 m?/s and
~0.81 m?/s for the Subplinian and Strombolian phases, respectively (Table 2). I use the gas flux estimated before
the Subplinian phase to interpret the chronology of the eruption.

4. Formation of a Long Foam in a Volcanic Conduit

A striking result of the 1999 eruption of Shishaldin is the existence of a Subplinian phase, corresponding to a
sustained dispersed gas flow made of a gas jet carrying small ejecta. Such a dispersed gas flow could be easily
obtained by the sudden rupture of a long foam accumulated in the conduit, in a process possibly similar to
fragmentation, which can be ductile or fragile. The large amount of gas produced during the Subplinian phase,
1.5 x 107 m? (Vergniolle & Caplan-Auerbach, 2006), after being organized within a foam and compressed ac-
cording to its local depth, corresponds to a very long foam, ~2.0 km, accumulated in the conduit prior to the
Subplinian phase (Vergniolle & Caplan-Auerbach, 2006). Note that the lack of initial decompression at the
initiation of the Subplinian phase, as unobserved on seismic and infrasonic records (Caplan-Auerbach &
McNutt, 2003; Thompson et al., 2002; Vergniolle & Caplan-Auerbach, 2006), discards a mechanism of foam
build-up based on a sudden bubble exsolution and growth in the conduit upon decompression, as envisioned for
explosive volcanoes. This also discards a fragile fragmentation at the initiation of the Subplinian phase.

The three key features of the Subplinian phase consists (1) in the building up of a long foam in the conduit, (2) its
sudden rupture, combined with (3) the quasi-simultaneous breaking of a single large overpressurized bubble at the
vent, only 28 s after the start of the high-level eruptive column (Vergniolle & Caplan-Auerbach, 2004, 2006).
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Because the magma reservoir at Shishaldin is rich in gas, with a total water content of 2.2-2.6 wt% (Rasmussen
et al., 2018), I suggest that a foam exists at the top of the reservoir, whose dynamics is responsible for the for-
mation of basaltic high-level eruptive columns.

In this paper, the laboratory experiments could only be designed to reproduce the formation of a long foam in the
conduit (1) and the formation at depth of a single Taylor bubble, that is, the trigger bubble, prior to its bursting at
the surface, as observed on infrasonic records (3) (Vergniolle & Caplan-Auerbach, 2004, 2006). These two
features were not so straightforward to obtain as isolated items and even less when combined. The detailed
mechanism by which a long foam can suddenly be destroyed (2) is the subject of another paper involving different
laboratory experiments.

4.1. Theory on Foam Drainage and Stability

In this section, I present firstly a theory for the foam drainage in the conduit and secondly a theory on the stability
of a foam accumulated at the top of the magma reservoir. I then discuss the laboratory experiments used to mimic
the eruptive pattern during the 1999 Shishaldin eruption. Lastly, I apply these theories to the case of Shishaldin.

4.1.1. Theory on Foam Drainage

A stationary foam in the conduit can drain and have its interstitial films shrinking until reaching a critical
thickness. At this stage, the drained part of the foam can be easily destroyed, thereby expelling its gas into the
atmosphere and reducing the foam height. The gravity is the main driving mechanism of foam drainage, when the
interstitial films are of the order of the bubble diameter (Prud’homme & Khan, 1996), as it will be shown to be the
case in my laboratory experiments. The foam drainage reduces the foam height and, when sufficiently efficient,
may prevent the foam to become long.

In my laboratory experiments, bubbles are small, hence spherical and non deformable as visually observed. In a
natural world, some impurities aggregate at the surface of the rising bubbles, making then similar to rigid particles
for modeling the downwards flow of the interstitial liquid (Brennen, 1995; Wallis, 1969). A semi-empirical
equation, called the Kozeny equation, is used for complex systems formed with solid particles, and gives very
accurate predictions of the drainage velocity Uyq,eny (Happel & Brenner, 1973):

pliq 8 (1 - 6)3 d%oam
U = |
Kozeny Hiig 36 €2 kkozeny ;

where Ky eny» and dp,,m are the Kozeny constant, equal to 4.8 (Happel & Brenner, 1973) and 5 is also commonly
adopted (Massey, 1989), and the bubble diameter, equal to ~1.5 mm (Table 1). In the experiments, the gas volume
fraction at physical equilibrium e results from a slow accumulation of spheres of equal diameter in a simple cubic
packing, hence it is equal to 0.524 (Happel & Brenner, 1973; Vergniolle & Caplan-Auerbach, 2006). For a given
particle randomly packed, the gas volume fraction € is approximatively between 0.4 and 0.55 (Massey, 1989).

4.1.2. Theory on the Stability of the Foam in the Reservoir

The behavior of the foam accumulated under a solid roof is controlled by its height. The foam height depends on
the balance between the underlying gas flux, which makes the foam thickens, and the foam spreading, which
reduces its height by making the foam escapes toward the conduit and it depends on the magma viscosity.
However, as the foam grows in thickness, the increasing foam buoyancy leads to the increasing flattening of the
bubbles directly below the solid roof. The bubble deformations may become sufficiently large to initiate the
massive foam coalescence. At this stage, the foam has become unstable, that is, undergoing massive coalescence
events.

The foam stability depends on a dimensionless number N,, which is the ratio between the maximum foam height
h,, and its critical height h., giving (Jaupart & Vergniolle, 1989):

1/4
N] — [3Qres/4foam:| /[ 4o ] (2)

2
T€res Plig8 €respliqures
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where Q,., and €, are respectively the gas flux in the reservoir and the gas volume fraction in the foam in the
reservoir, ~0.6 (Table 1; Table 2).

The foam viscosity i, depends on the magma viscosity, p;;, (Jaupart & Vergniolle, 1989):

_ Mg
(1 - €re5)5/2

3)

Hfoam =

The ratio between the maximum and the critical foam height, &, and &, respectively, is given by (Jaupart &
Vergniolle, 1989):

hmax
7 = Cgeom N 1 (4)

where Cye,p, is @ geometrical factor depending on both the radius of the reservoir and that of the conduit, R,.; and
R respectively (Table 1):

cond»

Rc nd R d g N
Cyeom = [—2 X ln(ﬁ) + <1;&> - 1} )

TesS TesS

The geometrical coefficient, Cyeoms

labeled 1/A in Equations 32a and 32b (Jaupart & Vergniolle, 1989), is of the
order of 1 in the laboratory experiments, hence have been previously ignored in the first study applied to vol-
canoes (Vergniolle & Jaupart, 1990).

The foam is stable when N/Cgeor, < 1 (Equations 2 and 5), which corresponds to the weak Strombolian activity
displayed by the lava lake at Erta 'Ale (Vergniolle & Bouche, 2016). The foam is unstable for Ni/Cyeom > 1
(Equations 5 and 2) and leads to either the high-level lava fountains for the less viscous magma, such as at Kilauea
and Etna, and Strombolian activity for the more viscous magma, such as at Stromboli (Jaupart & Verg-
niolle, 1989). The massive foam coalescence is total, that is, removing the entire foam, for the less viscous magma
and solely partial for the more viscous magma. Note that NV, is not very sensitive to the value of the gas flux
(Equation 2; Figures 3b and 3c), which is based on gas volume and accurate only to within an error bar of +20%

(see Appendix A for details).

Jaupart and Vergniolle (1989) have checked experimentally that some variation in the bubble diameter does not
lead to any major difference in the foam behavior. Therefore I assume in the following that the bubble diameter in
the magma reservoir at Shishaldin is the same everywhere at the same depth and is the average value. The dif-
ferences are also shown to be minor between an inclined and a flat roof (Vergniolle & Jaupart, 1990). Therefore
our predictions with this foam model are robust.

The bubble diameter predicted from the foam model for a given underlying gas flux (Equations 2 and 5) is the
largest for the largest Ni/Cyeop, and the smallest for the smallest Ny/Cie,,,, (Figure 3b). The predicted bubble
diameter is also the largest for the smallest viscosity, as shown from comparing the curves labeled Shishaldin
(60 Pa.s, Figure 2) and Etna (1 Pa.s, (Giordano & Dingwell, 2003; Métrich et al., 2001; Vergniolle & Gau-
demer, 2012)) on one side and Kilauea (10 Pa.s, (Vergniolle, 2008)) and Erta 'Ale (25 Pa.s, (Vergniolle &
Métrich, 2022)) on the other side (Figure 3c).

During the Subplinian phase, the foam accumulated at the roof of the reservoir is in transition between stable and
unstable (Figures 1b and 1c). The foam is at its limit of stability for a value of N,/Cie,, €qual to 1, where Cyeop,
(Equation 5) is lying between 0.59 and 0.64 for a surface area of 1 and 0.1 km?, respectively (Vergniolle, 2008),
and a conduit radius of 6 m (Vergniolle et al., 2004). I choose here the largest value of the geometrical factor
Cgeom = 0.64 because the magma reservoir is very probably small (Moran et al., 2006) and obtain the threshold
value for N, of ~0.64 (Equation 2) above which the foam is unstable.
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4.2. Laboratory Experiments

Studies on foams are frequently done using water with a surfactant as the liquid phase, an uncontrolled poly-
dispersed distribution of bubble diameters for the gas phase and a vertical profile in gas volume fraction
(Prud'homme & Khan, 1996). However, it is extremely difficult to build a long foam without a surfactant in the
liquid, except for highly viscous liquids (Prud'homme & Khan, 1996; Wallis, 1969). Forming a long foam in the
conduit, in well-controlled conditions of constant bubble diameter and constant gas volume fraction, is also very
rarely achieved in the laboratory. My laboratory experiments here allow to constrain the values to be expected for
the initial gas volume fraction, previously unknown when the superficial gas velocity is too large for the foam to
be formed at equilibrium. The strength of my laboratory experiments, presented below, is to produce a well-
controlled long foam, in conditions likely to approach those prevailing at the beginning of the Subplinian
phase. In nature, a certain amount of polydispersivity in bubble diameters is to be expected, even in the top of the
magma reservoir. For clarity, I have postponed this discussion to Section 8.

4.2.1. Method and Experimental Set-Up

Laboratory experiments have been performed using an analog volcano, similar to that used to study the foam
dynamics on basaltic volcanoes (Jaupart & Vergniolle, 1988, 1989). The apparatus, with a tank and a conduit
diameter of 0.28 and 0.044 m, respectively, is filled with a silicone oil (Rhodorsil 47V10), whose viscosity, j;;4, and
density, py;q are equal to 9.3 X 1073 Pa.s and #930 kg.m ™, respectively. The small bubbles were produced at the
base of the reservoir by a set of 185 identical capillaries, with a controlled inner diameter of ~0.38 mm, regurlarly
spaced. The gas is supplied by a N, bottle to prevent gas diffusion into the existing bubbles at a controlled gas flux.
The very small diameter of the bubbles compared to that of the conduit ensures that the processes in the conduit are
not dependent on the ratio between bubble diameter and conduit diameter, always small.

The specificity of this apparatus, displayed in Figure 4 for a gas flux equal to ~6.7 X 107° m?/s, is to be able to
produce a population of quasi-identical small bubbles, ~1.5 mm in diameter, within an error of <10%. The
characteristics of this regime is to show the existence of a long foam building-up in the conduit in a range of values
for the gas flux. When the foam appears in the conduit, the level of its base and top are followed in time by reading
values on a ruler glued on the conduit at regular times, indicated by a stopwatch. The laboratory experiments were
also photographed with a camera Sony, model DSR-PD170P at set times. The conditions of occurrence of this
specific regime and its characteristics have never been explored before.

4.2.2. Dynamic Similarity Between Experiments and Shishaldin

Having both a sufficiently large gas flux and small bubbles within my apparatus is a difficult task, even in the
laboratory. The choice of the liquid, the chemistry of gas and gas flux has been driven by the need to fulfill
specific requirements, such as not having too large a bubble to ensure that these bubbles are not deformable
(Figure 4) and preventing gas diffusion within the foam (Figure 5). I have technical limitations in my apparatus,
such as the increase in bubble diameter, hence the bubble deformability, with the liquid viscosity, preventing me
to use of a more viscous fluid. The dimensionless analysis of the foam stability and the use of the dimensionless
foam height, N,, clearly show the role of the viscosity on the foam spreading (Equation 2). The chemistry of the
gas only plays a role on its ability to diffuse to nearby bubbles. Some gas diffusion exists in the foam growing in
the conduit during the pre-Subplinian phase (Vergniolle & Caplan-Auerbach, 2004) but not at a sufficient large
rate to prevent the formation of a long foam. In theory, the dimensionless analysis of the foam behavior
(Equation 2) can only be applied to volcanic activity if the key parameters of the degassing, magma viscosity, gas
flux and bubble diameter, are known independently in the magma reservoir.

The detailed measurements done on the magma composition, temperature and volatile concentration of the melt
inclusions (Rasmussen et al., 2018), which are here associated to a model of viscosity reliable for basalts (Giordano
et al., 2008a, 2008b), suggest that the magma viscosity at the depth of the reservoir is fairly well estimated
(Figure 2). The gas flux there is estimated from its value at the surface and compressed at the depth of the reservoir,
making this estimate a reliable one. Estimates on bubble diameters may have been obtained in theory from the
measurements of bubble diameters and gas volume fraction in natural pumices at Shishaldin. However, in practice,
these studies are rare (Stelling et al., 2002; Szramek et al., 2010). Furthermore, the basaltic pumices evolve after
fragmentation due to their low viscosity, preventing the informations on bubble diameter and vesicularity to be
representative of that at fragmentation in the conduit (Gardner et al., 1996; Szramek et al., 2010). Additionally, the
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bubbles initially in the reservoir are not preserved at the surface because these bubbles escape directly as a gas phase
within the eruptive column. Therefore the bubble diameter in the magma reservoir is totally unknown.

Nevertheless, the observation of the eruptive column at the vent is clearly associated to the fragmentation of a long
foam accumulated in the conduit, discarding any regime for which the foam at depth is unstable, that is, able to
produce series of large bubbles bursting at the vent. Furthermore, the lack of decompression deduced from
seismic and infrasonic records (Caplan-Auerbach & McNutt, 2003; Thompson et al., 2002; Vergniolle & Caplan-
Auerbach, 2006) discards any mechanism of foam formation in the conduit based on sudden bubble nucleation
and growth, making of my model a very well adapted potential mechanism.

4.2.3. Results of the Laboratory Experiments

The small bubbles accumulate at the top of the reservoir as a foam, that is, an assembly of closely packed bubbles
(Cantat et al., 2013). The foam thickness results from a balance between its growth produced by the arrival of new
bubbles and its spreading, induced by the foam buoyancy, toward the conduit (Jaupart & Vergniolle, 1989;
Vergniolle & Bouche, 2016). When the foam is thicker than a critical thickness, it becomes unstable. The massive
foam coalescence is then initiated where the foam is the thickest, close to the outer edges of the reservoir (Jaupart
& Vergniolle, 1988, 1989). When the foam thickness is just slightly above critical, the coalesced gas pocket, only
produced at the outer edges of the reservoir, does not fill the entire surface of the reservoir (Jaupart &
Vergniolle, 1989).

I'have chosen a set of conditions for which the foam in the reservoir is seen in transition between stable and locally
unstable (Figure 5).

When the foam is still thin and stable, its spreading produces a small gas flux toward the conduit (Vergniolle &
Bouche, 2016), not sufficient to build a long foam in the conduit (Figure 4). As the foam in the reservoir grows and
thickens, its spreading induced by its increasing buoyancy leads to a gas flux sufficiently large to produce a foam
continuously growing in the conduit (Figures 6a—6c). This results from the focusing effect of an underlying gas flux
produced onto a relatively large surface area, that of the reservoir, within a small conduit. The main condition for
building-up a foam in the conduit is to be able to produce a sufficient large gas flux of small bubbles in the conduit to
overcome the constant bursting of small bubbles at the top of the conduit. This depends on the underlying gas flux
and the ratio of surface areas between that of the reservoir and the conduit. No foam could be built in the conduit
when using a larger conduit, with a diameter of 9.4 cm, with the entire range of the experimental gas fluxes. In these
conditions, the focusing geometrical effect, with a reservoir radius only three times that of the conduit, is not
sufficient to produce a large gas flux in the conduit hence prevents the formation of a long foam. However itis likely
that a foam could be formed when using a much larger gas flux. Also note that the interface between the bubbly flow
and the foam is very well marked (Figure 6d), as predicted by theory (Wallis, 1969).

When the foam in the reservoir had not yet reached its critical thickness, no local coalescence event can be
observed at the top of the reservoir (Figures 5a and 6a). However when the foam starts to become unstable, local
small coalescence events occur at the outer edges of the reservoir (Figures 5b and 6b). The resulting gas pockets
move toward the conduit together with the foam spreading while new local small coalescence events appear at the
outer edge of the reservoir (Figure 5c). This, together with the similar dimension of the coalesced gas pockets
(Figure 5), shows that the foam in the reservoir is at the limit between stable, that is, without coalescence events
and unstable, that is, undergoing partial or total coalescence. These small coalescence events produce a series of
relatively large bubbles, each being equivalent to the formation of a single Strombolian explosion (Jaupart &
Vergniolle, 1988, 1989). These voluminous bubbles will exhibit a large overpressure at the vent due to their
formation at depth rather than at the surface (Del Bello et al., 2012; Vergniolle, 1998). The first coalesced gas
pocket is the exact analogue to the trigger bubble inducing the Subplinian phase (Vergniolle & Caplan-Auer-
bach, 2004, 2006). The following coalesced gas pockets may appear later in the records or be mostly hidden
during the sudden and vigorous foam rupture. Therefore these laboratory experiments show that a foam, trapped
at the top of the reservoir and at the limit between stable and unstable regime, is able to reproduce the two of the
three main features of the Subplinian phase. The last feature, that is, the sudden disruption of the entire foam
trapped in the conduit, not seen in these laboratory experiments, corresponds to the Subplinian phase. Its analysis,
which involves a different laboratory apparatus, is the subject of another paper.
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Figure 6. (a, b, c): Full view of the top of reservoir and conduit in the same conditions as in Figures 5a—5c, respectively. The
foam (white color) in the conduit is seen growing in time, from ~13.2 cm (a), 26.4 cm (b) and 29.0 cm (c) in a few tens of
seconds, while the foam in the reservoir is in transition from stable (Figure 5a) to just unstable (Figures 5b and 5c). The
laboratory experiment was terminated prior to the disruption of the foam in the conduit, thought to be the origin of Subplinian
activity; (d) enlargement of the conduit, showing the bubbly liquid, the foam above and the sharp interface between the two,
as predicted by theory (Wallis, 1969).

There are only two internal processes, that could reduce the height of a long foam starting to grow in the conduit.
The first mechanism is due to the gas diffusion into existing bubbles, leading to the growth of the large bubble at
the expanse of the small one, a process called foam ripening. The second mechanism is induced by the drainage by
gravity of the interstitial liquid films, when ignoring the effect of any external force, such as a forced shearing or
decompression (Neethling et al., 2005; Prud’homme & Khan, 1996).

Firstly, the foam ripening was quasi-suppressed for the duration of my laboratory experiments by using bubbles of
quasi-identical diameter (Figure 4) and N, as a gas phase, known to diffuse very slowly out of silicone oils. The
gas diffusion, if existing, would appear as producing a random polydispersivity in the diameter of the small
bubbles within the foam, and bubbles twice as large will be first visible anywhere at the roof of the reservoir. This
process is seen to be extremely limited at the roof of the reservoir (Figures 5 and 6d). Note that all large bubbles
appearing at the top of the reservoir (Figure 5) are very similar in their gas volumes and clearly located at the outer
edges of the reservoir, hence result from the earliest stage of massive foam coalescence rather than gas diffusion.
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Figure 7. Foam height (m) in time from laboratory experiments in an analog volcano (Figure 6) with conduit diameter of 0.044 m with a silicone oil of viscosity
~9.3 X 107> Pas (Rhodorsil, 47V10) and a foam made with N,-bubbles of ~1.5 mm in diameter. Three long foams, 0.29 m, 0.84 m and 0.94 m, have been produced in
the conduit under three different values of the underlying gas flux; (a) 1.0 X 1073 m%/s; (b) ~1.3 X 107> m*/s and (¢) ~1.8 X 10> m’/s, respectively. When the foam in
the conduit is sufficiently long, the gas flux in the experimental reservoir is turned off, which stops the foam from growing at its base. The decrease of the foam height in
time (red squares), as the foam is draining, is very linear with drainage velocities of —0.0057 m/s (a), —0.0068 m/s (b) and —0.0077 m/s (c) for an initial gas flux of
~1.0 X 107> m%/s, ~1.3 x 107> m*/s and ~1.8 x 107> m%/s, respectively, as predicted by the Kozeny's equation (Equation 1, blue circles) when using a gas volume
fraction in the foam, €, of 0.51 (a), 0.49 (b) and 0.48 (c), respectively, These values are smaller than the equilibrium value, 0.524, showing the departure from equilibrium
associated to the fast ascent rate of the bubbles in the conduit of the laboratory experiments. The shaded areas in (a), (b) and (c), which represent the 95% confidence
interval from the fit, contain all the experimental data points.

Secondly, the uppermost part of any foam is continuously destroyed because the interstitial liquid films drain
under gravity and become too thin to keep the foam structure (Prud’homme & Khan, 1996). Once the drainage is
completed, the drained foam at the top disappears, leading to a decrease of the foam height.

Three long foams, 0.29 m, 0.84 m and 0.94 m, have been produced in the conduit under three different values of
the underlying gas flux, ~1.0 x 107> m?/s, ~1.3 x 107> m?/s and ~1.8 x 10™> m?/s, respectively. When the foam
in the conduit is sufficiently long, the gas flux at the base of the reservoir is turned off, which stops the foam from
growing at its base. In these conditions, the uppermost part of the foam is destroyed at a rate equal to the drainage
velocity, while the liquid, expelled at the foam base, pushes it upwards. Because the gas volume fraction is
assumed constant in the foam, a very reasonable assumption due to its mode of formation, the lowermost part of
the foam received as much liquid from above than expelled at its base. I cannot visually observe how much liquid
is drained at the base of the foam because part of the drained interstitial liquid is simultaneous used to build up
new portions of foam. As a result, the foam height decreases at a rate which corresponds to the drainage velocity
(Figure 7). In practice, the levels of the base and top of the foam are also changing values due to the escape at the
top of the foam of some of the gas previously trapped below the foam in the reservoir and the conduit. However
the foam height, measured from the difference between its top and its base, is correctly measured, due to the fast
escape of the gas below the foam. Figure 7 shows that the decrease of the foam height in time is very linear. The
slope of each fitted straight line indicated drainage velocities of —0.57 cm/s, —0.68 cm/s and —0.77 cm/s for an
initial gas flux of 1.0 X 107> m%/s, 1.3 x 107> m*/s and ~1.8 x 107> m%/s, respectively. The experimental data
points are all contained within the 95% confidence interval (shaded area in Figure 7). I assume that the drainage
velocity is estimated within a +£2.5% error bar.

Equation 1 gives a downwards drainage velocity of ~—0.53 mm/s when using a gas volume fraction of 0.524.
This is relatively similar, although slightly lower than that from experiments, —0.57 cm/s, —0.68 cm/s and
—0.77 cm/s (Figure 7). The linear decrease of the foam height is very well reproduced by the Kozeny's equation
when using a gas volume fraction of 0.51, 0.49, 0.48 for foams initially produced under ~1.0 x 107> m%s,
~1.3 x 107> m*s and ~1.8 x 107> m?/s, respectively (Equation 1; Figure 7; Vergniolle, 2024a, 2024b). These
values are not far from that predicted for a simple cubic packing, 0.524, and are within the expected values for
random packing of similar size particles, 0.4-0.55 (Massey, 1989). The difference between the gas volume
fractions estimated during the laboratory experiments with that predicted by the theory, 0.524 at equilibrium,
results in the relatively fast accumulation of the small bubbles within the foam and its reduced time available for
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drainage. This effect is the largest for the largest gas flux than for the smallest, indicating a departure from the
equilibrium value. This result shows that the drainage velocity is well predicted by the Kozeny's equation
(Equation 1) and that the real gas volume fraction is not very far from its theoretical value, 0.524, in a foam
produced by quasi-identical bubbles.

5. Chronology of Eruption and Its Dynamics

In this section, I apply the theoretical results to the conditions prevailing at Shishaldin, firstly in the foam
accumulated in the conduit and secondly in the foam accumulated in the magma reservoir.

5.1. Extent of Foam Drainage at Shishaldin

The hum events, occurring during the pre-Subplinian phase of Shishaldin, have been interpreted as resulting from
a shallow foam ripening (Vergniolle & Caplan-Auerbach, 2004, 2006). This interpretation had led to estimate the
bubble diameter at the surface of the foam in the conduit between 0.5 and 1.9 mm (Vergniolle & Caplan-
Auerbach, 2006). In this case, the maximum drainage velocity obtained when assuming the lowest magma
viscosity, that of a melt without crystal existing in the reservoir, ~60 Pa.s, varies from 1.6 x 107 m/s to
1.1x 107" m/s (Equation 1 and Table 2). The existence of the two thermals, that is, small eruptive columns, in the
middle of the pre-Subplinian phase suggests that any foam existing in the conduit prior to the two thermals was
removed at this time. Hence, it is likely that the foam leading to the Subplinian phase was mostly accumulated in
the conduit during the 6 hr separating the end of the two thermals (13:30) and the start of the Subplinian phase
(19:31) (Vergniolle & Caplan-Auerbach, 2004, 2006). This interpretation is in agreement with the re-
equilibration of the melt inclusions stored in the conduit for durations exceeding hours-days (Rasmussen
et al., 2018). The drainage of the foam by gravity (Equation 1) leads to its destruction over a very small height,
between 36 and 2.5 mm during the ~ 6 hr of the foam building-up in the conduit, hence is entirely negligible.

Combining rare coalescence events in the foam in the reservoir with the existence a stable foam in the conduit
(Figures 5 and 6) can explain the two of the three main features of the Subplinian activity. Hence, the foam in the
conduit at Shishaldin may also result from the dynamics of a foam trapped at the top of the reservoir.

5.2. Stability of the Foam in the Reservoir at Shishaldin

In this section, I apply the theoretical results (Equations 2 and 5) on the foam dynamics (Jaupart & Verg-

niolle, 1989) to the case of Shishaldin and quantify the bubble diameter in the magma reservoir, d,

s UsSIng the

dimensionless foam height N, (Equation 2). The foam is at its limit of stability at the initiation of the Subplinian
phase and above stability, that is, unstable, during the Strombolian phases. I have used a value for the magma
viscosity equal to 60 Pa.s (Figure 2f) and a surface tension of 0.1 kg.s™ as for a wet magma (Gardner & De-
nis, 2004; Gardner et al., 2013; Khitarov et al., 1979; Mangan & Sisson, 2005) (see Supporting Information S1 for
details; Table 2). Results from other choices of parameters are discussed in the section “sensitivity analysis”
(Supporting Information S1).

5.2.1. Application to the Subplinian Activity

Using Equation 2 for N, ~ 0.64 and a gas flux of 0.52 m?/s just before the Subplinian phase corresponds to a
bubble diameter of ~0.038 mm (Table 2, Vergniolle, 2024a, 2024b). A gas flux of 0.80 m®/s just before the
Subplinian phase, if based on surface activity, corresponds to a bubble diameter of ~0.034 mm (Table 2).
Therefore the choice of the characteristic time during which the foam is built in the reservoir does not change
significantly the bubble diameter in the reservoir.

The ideal gas law, applied to spherical bubbles, relates the bubble diameter in the reservoir, d,.,, to the one at the

surface d,¢ (Table 1) by:

P,

atm

P 1/3
dsurf = dres I:LSUb:l : (6)
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The bubble diameters at the surface become ~0.33 mm and ~0.29 mm for gas fluxes of 0.52 m*/s and 0.80 m?/s,
respectively, in reasonable agreement with independent constraints based on foam ripening, between 1.9 and
0.5 mm (Vergniolle & Caplan-Auerbach, 2006).

5.2.2. From Subplinian to Strombolian Activity

The dimensionless foam height N, prior to the second Strombolian phase is unknown. However, it is above the
value obtained for a stable foam, and possibly similar to that associated to Strombolian phases at Etna, for which
N/Cyeom = 1.2 (Vergniolle, 2008; Vergniolle & Gaudemer, 2012). Using Equation 2 for Cyop, =~ 0.64, that is,
N, ~0.76, and a gas flux of 1.40 m?/s just before the second Strombolian phase corresponds to a bubble diameter
of 20.036 mm (Table 2, Vergniolle, 2024a, 2024b). A gas flux of 0.80 m3/s, if based on surface activity, cor-
responds to a bubble diameter of ~0.041 mm (Table 2). Therefore the choice of the characteristic time during
which the foam is built in the reservoir does not change significantly the bubble diameter in the reservoir. These
estimates of the bubble diameter are minimum values.

Removing a large volume of gas and magma during the Subplinian phase results in a decompression within both
the conduit and the magma reservoir and the very likely increase in the bubble diameter within the magma. My
laboratory experiments, which are not designed to trigger the sudden foam rupture in the conduit and the resulting
decompression, cannot reproduce such a bubble increase, hence to mimic the transition between Subplinian and
Strombolian activity.

It is also difficult to be more quantitative on the increase in bubble diameter, obtained after decompression at
Shishaldin, because the pressure release is not instantaneous, instead the duration of the pressure release is
approximately 47-80 min (Nye et al., 2002; Vergniolle & Caplan-Auerbach, 2006). If the magma removal during
the Subplinian phase was instantaneous, the pressure at the base of the conduit would be suddenly decreased by a
value corresponding to the weight of a magmatic foam long of 2 km (21 MPa for a gas volume fraction equal to
0.6), suddenly expelled at the surface (Vergniolle & Caplan-Auerbach, 2006). In these conditions, the pressure at
the top of the reservoir, approximatively at the lithostatic pressure prior to the Subplinian phase, would largely
exceeds that at the base of the conduit, thereby causing the magma to flow from the reservoir toward the conduit.
Similarly, the non-instantaneous decompression is likely to have pushed some magma from the reservoir into the
conduit, thereby partially restoring some pressure in the reservoir and limiting the increase in bubble diameter.
However the fact remains that the bubble diameter in the reservoir must have significantly increased after the
Subplinian phase, as an ejecta volume of ~0.014 km? (dense rock equivalent) had been rapidly expelled (Stelling
et al., 2002). This is sufficient to make the foam in the reservoir in transition from stable to unstable. Furthermore,
the potential increase in the gas flux between the Subplinian and the second Strombolian phase, ~0.52 m*/s and
~1.4 m®>/m>/s, respectively, if based on the tremor amplitudes, amplifies the foam instability by significantly
increasing the foam dimensionless height, N,, largely above the stability threshold (Equation 2).

5.3. Estimate of the Radius of the Magma Reservoir

The foam accumulated in the reservoir, and at its limit of stability prior to the Subplinian phase, has undergone a
very significant pressure release at the end of this phase, likely to have been able to trigger its massive coales-
cence. | suggest that the first Strombolian phase, only occurring 16 min after the end of the Subplinian phase,
results from the withdrawal of the foam trapped in the reservoir. This is in agreement with the marked differences
in gas volumes at atmosphere of the two Strombolian phases (Vergniolle et al., 2004), the erratic drops in the
tremor amplitudes just before time 20 on Figure 3a and its large gas volume, with a total of V,, = 3.3 X 10’ m’
(Vergniolle et al., 2004).

For simplicity, I approximate the volume of the foam at the top of the reservoir, Vi,,,,, before decompression by
its critical volume above which massive coalescence occurs (Jaupart & Vergniolle, 1989), as using the exact
shape of the foam at equilibrium only leads to a correction by a factor of ~0.85 (Vergniolle & Bouche, 2016). I
assume that the foam is rectangular, accumulated at a top of a cylindrical reservoir and neglect the small cross
section of the conduit (Table 1), giving:

4 68,

— ™)
€resPliq 8 dres

foam =
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where S,

o5 18 the surface area of the magma reservoir. The foam volume is proportional to the gas volume at the

depth of the reservoir, V,,,, whose changes are related to changes in bubble diameter:

‘éas = eresvfoam : (8)

This yields to a magma reservoir area between 0.13 and 0.12 km? when using a gas volume of ~3.3 x 10" m at the
surface (Vergniolle et al., 2004) and compressed at the depth of the reservoir, a gas volume fraction ¢, of 0.6 and
a bubble diameter between 0.038 and 0.034 mm, respectively. This corresponds to an equivalent radius, between

res

211 and 200 m (Table. 2), respectively, largely exceeding the factor 6 times the conduit radius, ~6 m (Vergniolle
et al., 2004), used by my laboratory experiments. This makes our assumption of a geometrical constriction be-
tween reservoir and conduit perfectly valid at Shishaldin, while being in agreement with the interpretation of a
small magma reservoir (Moran et al., 2006; Rasmussen et al., 2018). Furthermore the combined use of a foam
model, estimates of the gas volumes during the first Strombolian phase with my interpretative view have given an
estimate on the radius of the magma reservoir, a parameter rarely known.

If I assume that the height of the reservoir is of the order of its radius, as for Erta 'Ale (Vergniolle & Gau-
demer, 2012), the volume of the magma reservoir, assumed to be cylindrical, is estimated to be between 0.025 and
0.030 km?. This is a minimum value as the magma reservoir can also be a slender body, such as at Etna whose
reservoir height is estimated at 3 km (Vergniolle & Gaudemer, 2012). Therefore the volume of the magma
expelled during the Subplinian phase, 0.014 km?, is at most half of that of the magma reservoir, explaining why
the 1999 eruption of Shishaldin does not lead to a caldeira collapse.

6. Origin of the Large Gas Flux in the Reservoir

The gas flux Q,., in the magma reservoir is the consequence of a population of rising bubbles of diameter d,., and
a gas volume fraction in the reservoir, a. If the gas volume fraction is sufficiently small, a < 2%, the bubbles
behave as isolated (Brennen, 2005; Happel & Brenner, 1973) and the gas flux is equal to:

Qres = a(l - a)
18 pyiq

Sres (9)

where p,,, is the gas density (Table 1), negligible compared to the magma density (Vergniolle & Jaupart, 1990).
Bubbles in the magma reservoir of Shishaldin are very small, 0.034—-0.038 mm, and are trapped under a relatively
small surface area, equal to 0.12-0.13 km? (Table. 2). Using Equation 9 and a gas flux equal to 0.52 or 0.8 m>/s
leads to a gas volume fraction exceeding 1, which is impossible by definition.

This suggests that the bubbles at Shishaldin are organized as bubble clusters, which rise much faster than isolated
bubbles. Bubbles start to aggregate when the chances of meeting are becoming significant, which occurs as soon
as the gas volume fraction exceeds 2% (Brennen, 2005; Happel & Brenner, 1973). I further assume that the bubble
clusters are sufficiently small to stay spherical and rise in a laminar regime, that is, driven by a balance between
buoyancy and viscous forces. In this case, the velocity of a bubble cluster, U, can be calculated by analogy to
the velocity of a small bubble, that is, the Stokes velocity, by taking into account that the bubble cluster can be
considered as a viscous drop of one liquid, here the bubble cluster with gas volume fraction of e, viscosity of
Herse and density, (1 — €qyq0) X pyig» rising into another liquid, referred to with index lig (Table 1). This leads to a

velocity of U, equal to (Wallis, 1969):

clust

2
— g(pliq B pclust) dclust] |:3/'lC1U51 + 3ﬂliq:| . (10)

Uoss =
et 18uyiq Stetust + 2Hiig

The gas flux can be written by analogy to the rise of a population of isolated bubbles as (Vergniolle &
Jaupart, 1990):

Qgclust = Ajust X Uctust X Sres 1n
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Figure 8. Sketch of a view of the magma reservoir and conduit during the
1999 Shishaldin eruption. The foam in the reservoir, with gas volume
fraction €, has reached its equilibrium shape. The underlying gas flux Q
in the large reservoir is diverted into a small conduit. This favors the
formation of a foam in the conduit, with a gas volume fraction ¢4, as more
gas flux arrives at the bottom of the foam than is destroyed at the top by the
hum events during the pre-Subplinian phase. Note that the spreading of the
foam toward the conduit makes its innermost part much thinner than its outer
region. The gas flux is estimated from the gas volume expelled at the surface
and compressed at the depth of the reservoir and a timescale for the foam
accumulation. Two estimates of the timescales, prior to the Subplinian and
the Strombolian phases, have been discussed, one based on surface activity
and the other based on the tremor increase (Figures 3a and Table 2). The
large underlying gas flux Q. is explained by the rise of bubble clusters,
with velocity Uy, and gas volume fraction e, arriving as a population of
bubble clusters with a gas volume fraction ., assumed to be between
0.63% and 2% (Brennen, 2005; Happel & Brenner, 1973). The early
formation of the bubble clusters by hindering the bubble growth by gas
diffusion can explain the tiny bubble diameter found at Shishaldin.

rges

clust>

where a, is the gas volume fraction of the bubble clusters, considered as
drops of a different fluid (Figure 8). I also assume that the gas volume fraction
of the bubble clusters, «,
because any excess bubble is preferably used to increase the diameter of the

cuse 18 equal to the upper limit of the diluted regime,
existing bubble cluster nearby rather than producing a new bubble cluster.
The proposed limits of the diluted regime are 0.63%-2% (Happel & Bren-
ner, 1973) and 1%-2% (Brennen, 2005), values which correspond to the
threshold above which the bubbles are seen interacting together. Therefore
the diameters of the bubble clusters prior to the Subplinian phase, d, are
equal to 3.5 mm and ~4.6 mm, when assuming an underlying gas flux of
0.52 m*/s and 0.80 m?/s, respectively, for a gas volume fraction of 2% and a
reservoir radius of ~200 m (Table. 2).

The Reynolds number of a bubble cluster, the ratio between inertia and
viscous forces, is adapted to that of a single bubble (Brennen, 1995) by using
the upwards velocity of the bubble cluster and its diameter:

o Usgustde
Reguy = Piiq Yelustelust (12)

Hiig

giving a value <4.0 x 10~ for all diameters (Table 2). This largely supports
the assumption of a laminar rise.

The same reasoning can be applied to the diameter of the bubble clusters prior
to the second Stombolian phase (Equations 10 and 11). The diameters of the
bubble clusters are equal to 5.7 and 4.6 mm, for a gas flux based on tremor
records (1.4 m>/s) and that based on surface activity (0.8 m’/s), respectively,
(Table. 2).

These large bubble clusters, with a diameter larger than two orders of
magnitude than that of the sole bubble, contains numerous bubbles (Table 2).

Most of the bubbles within the bubble cluster are only in contact with thin interstitial films, which can be easily be

depleted in volatiles. This, added to the fast rise of the bubble clusters, hinders significantly the gas diffusion into
the bubbles, even for the fast-diffusing H,O phase. The consequence is that the bubble growth after the formation
of the bubble clusters mostly occurs by decompression, hence by rising, rather than by gas diffusion. This is

atypical because so small a bubble should be mostly growing by gas diffusion, a very efficient process at this stage

of the bubble growth (Lensky et al., 2004). This hindered gas diffusion toward the existing bubbles can explain the

unusual small bubble diameter.

Here a new degassing mode had been proposed for the magma reservoir, which meets the two conditions of a very
small bubble diameter with a large gas flux. The large underlying gas flux in the reservoir promotes a very large
gas flux at the base of the conduit, necessary to build a foam, while the very small bubble diameter ensures that the

liquid drainage within the foam is negligible (Equation 1), making the foam able to grow to a length of ~2 km

(Vergniolle & Caplan-Auerbach, 2006). Hence, these two conditions are simultaneously required to initiate the

formation of a long foam in the conduit, whose collapse by an additional mechanism, not discussed here, will lead
to the high-level eruptive column of the Subplinian phase.

7. Sensitivity of the Results

I have run a sensitivity analysis on the results of the models by selecting the entry parameters for the foam

drainage and for the degassing magma reservoir and using a random sampling of a quasi-Gaussian distribution
with a Monte-Carlo analysis. I have truncated a few initial Gaussian distribution to remove unrealistic or negative

values on some physical parameters, whenever necessary.

Firstly, I have applied this method to the laboratory experiments on the foam drainage (Figure 7) and on the

experimental determination of the gas volume fraction within the foam. The errors on the entry parameters are
very small, £2.5% error on liquid viscosity and density and on the drainage velocity, 5% error on the bubble
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diameter. The Kozeny constant had been made to vary between the two extreme values given in the literature
(Happel & Brenner, 1973; Massey, 1989). The gas volume fraction is predicted with a very small standart de-
viation of £0.02 for a mean value between 0.48 and 0.51, showing that the predictions of the model are very
robust (Figure S1).

Secondly, I have applied the same method to the estimate of the entry parameters for the model on the behavior of
the degassing magma reservoir (Figure S2). I have chosen a magma viscosity, density and surface tension among
values such as, 105 + 45 Pa.s (Figure 2; Mader et al., 2013), 2,600 = 100 kg.m™> (Stelling et al., 2002) and
0.1 + 0.02 kg.s~? (Gardner & Denis, 2004; Gardner et al., 2013; Khitarov et al., 1979; Mangan & Sisson, 2005;
Proussevitch & Kutolin, 1986; Walker & Mullins, 1981), respectively. The gas volume fraction of the bubble
clusters, inside the bubble clusters and in the foam are assumed to vary between 0.013 = 0.0069, 0.524 + 0.048 and
0.524 £ 0.048, respectively. The gas volume at the surface prior to the Subplinian phase and the first Strombolian
phase are taken to be 8.0 + 1.6 x 10’ m® (Appendix A) and 3.3 + 0.5 x 10" m>, respectively (Figure 1), while the
pressure of the magma reservoir and its geometrical coefficient lie within 6.7 + 0.7 X 107 Pa and 0.63 + 0.01,
respectively. The bubble diameter in the reservoir and that at the surface were predicted tobe 4.3 + 1.3 X 10~ m and
3.7 £ 1.1 x 107* m, respectively, while the diameter of the bubble clusters and the radius of the reservoir were
estimated at 7.2 + 5.2 x 107> m and 207 + 33 m, respectively, (Figure S2). The small standart deviations obtained
on the results show that the modeling is very robust, despite uncertainties in the entry parameters.

8. Discussion

I have so far proposed that the Subplinian phase results from the spreading of a foam accumulated in the reservoir
and at the transition between stable and unstable. My predictive model can constrain the average bubble diameter
in the reservoir but cannot take into account a distribution in bubble diameter, as processes related to the
instability are already difficult to solve for a sole bubble diameter. The existence of a polydispersed suspension of
bubble diameters make the gas volume fraction within the foam, equal to ~0.524 for a very narrow distribution
and 0.62 for a wider distribution (Happel & Brenner, 1973). By using a gas volume fraction of 0.6 in the foam at
Shishaldin, I have implicitly assumed that the bubbles in the foam did not have exactly the same diameter. If the
bubbles are markedly different in diameter and in sufficient amount, the bubble coalescence in the foam is mostly
driven by the largest ones, which are the first to be deformed and ruptured (Jaupart & Vergniolle, 1989). In this
case, the smallest bubbles can be considered as inducing a viscosity increase, which depends on their gas volume
fraction (Mader et al., 2013). Furthermore, the amount of polydispersivity at Shishaldin is probably relatively
reduced because (a) the bubbles are very small hence unlikely to coalesce together due to their large inner
capillary pressure, (b) are organized as bubble clusters very early after nucleation, hence grow mostly by
decompression due to their large rise velocity, and (c) the residence time of the foam at the top of the magma
reservoir is small, only of a few days if based on the tremor increase on April 17 and less if based on surface
activity. In the absence of further constraints on the distribution in bubble diameters, I cannot go further in
assessing the errors of my simplified model.

8.1. Basaltic Eruption Dynamics From Conduit Processes

During explosive eruptions, transitions between explosive and effusive phases are frequent (Sparks et al., 1997).
These transitions have been explained by magma losing gas to fractured country rock during its ascent toward the
surface (Jaupart & Allegre, 1991; Woods & Koyaguchi, 1994). Eruptive behavior is very sensitive to eruption rate
and to changes in reservoir pressure which in turn result in changes in flow regimes. However at Shishaldin, there
is evidence of degassing prior to and during the Subplinian phase (Rasmussen et al., 2018; Stelling et al., 2002),
and a lack of deformations in the edifice prior to the eruption (Lu & Dzurisin, 2014; Moran et al., 2006), which
discards a mechanism based on gas loss through the conduit walls.

The fragmentation mechanism upon decompression is fondamentally different for a low-viscosity bubbly basalt
than for a high-viscosity silicic magma (Namiki & Manga, 2006). The fragmentation of a basaltic melt is entirely
driven by fluid mechanics and by a critical Reynolds number of the order of 1 below which the foam in the conduit
remains stable and the degassing is not that of a fragmenting foam (Namiki & Manga, 2006).

In an alternate model of basaltic eruptions (Parfitt, 2004; Parfitt & Wilson, 1995), the magma ascent velocity has
been taken as the key parameter to explain the occurrence at the surface of a gas-rich eruptive phase. When the
magma velocity is large, the bubbles cannot move relative to the magma and a region with a very high gas content
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develops in the conduit. Fragmentation of that “foam” (gas volume fraction from 60% to 95%) combined with gas
expansion produces the observed high-level lava fountains (Parfitt, 2004; Parfitt & Wilson, 1995). In contrast,
Strombolian explosions are explained by progressive and repetitive coalescence events in the conduit, due to a
lower magma rise speed (Parfitt, 2004; Parfitt & Wilson, 1995).

Parfitt (2004) distinguishes a new class of basaltic eruptions in which Strombolian explosions give way to high-
level lava fountains. Several eruptions of Etna show this feature (e.g., Allard et al., 2005). Parfitt (2004) explains
that regime by a magma rise speed intermediate between the large velocity leading to high-level lava fountains
and the low velocity responsible for Strombolian explosions. However more recent chemical gas measurements
obtained at the vent on 14 June 2000 shows that the high-level lava fountains at Etna results from a massive
coalescence of a foam layer trapped at ~1.5 km depth below the summit (Allard et al., 2005; La Spina et al., 2015;
Spillaert et al., 2006). Furthermore seismic waveforms recorded during the 2001 eruption at Etna are well
explained by a model based on a foam collapsing at a structural barrier (Gresta et al., 2004).

At Stromboli, the tremor ground displacement is best explained by a foam coalescence trapped at a structural
barrier (Ripepe & Gordeev, 1999), later confirmed by gas measurements (Burton et al., 2007). The broadband
seismic signal and the short periods (>1 s) are also very well reproduced by laboratory experiments of a foam
collapse previously accumulated at the top of the reservoir (Ripepe et al., 2001). This is another result in favor of a
model based on foam dynamics (Jaupart & Vergniolle, 1988, 1989; Vergniolle & Jaupart, 1990).

Basaltic Subplinian eruptions have not been considered by the eruption models based on changes of rise speed
(Parfitt, 2004; Parfitt & Wilson, 1995), probably because such events are rare. La Spina et al. (2021) have
proposed a detailed parametric study, in which the outgassing, magma ascent rate and rheology in the conduit
were tuned in to explain both high-level lava fountains and eruptive columns at basaltic eruptions. They calculate
a criteria for fragmentation and assumed that high-level basaltic columns are associated to a brittle fragmentation.
They show that the range of parameters leading to high-level eruptive columns, assumed to be due to closed-
system degassing, was less restricted for Etna than for Kilauea. However at Shishaldin, the fragmentation
occurred in a ductile regime (Stelling, pers.com.), in agreement with the lack of initial overpressure at its initiation
and the coarse-grain deposits not distinguishable from the Strombolian deposits (Stelling et al., 2002).
Furthermore the degassing does not occur as a closed-system, as for explosive volcanoes for which the frag-
mentation is brittle, but as an open-system degassing (Rasmussen et al., 2018; Stelling et al., 2002), preventing the
use of La Spina et al. (2021) 's model for Shishaldin.

The eruptive activity at Shishaldin is fundamentally different from Kilauea, with small ash plumes being the norm
at Shishaldin and high-level lava fountains the norm at Kilauea. The difference in viscosity at the depth of the
magma reservoir is not very large between Kilauea, ~10 Pa.s (Vergniolle & Gaudemer, 2012) and Shishaldin,
~60-150 Pa.s (Figure 2f), hence a fine tuning is needed if the Parfitt's model, (2004), is used to explain both
basaltic high-level eruptive columns and high-level lava fountains.

Although eruptions with high-level eruptive columns are not considered typical of basaltic volcanoes, the typical
delay between eruptions at Shishaldin (Beget et al., 1998; Nye et al., 2002) is similar to that of a classical basaltic
eruptions elsewhere, suggesting indeed that a single mechanism should explain any type of basaltic activity,
despite their very different surface activity. In my views, the strength of a model based on the foam dynamics
(Jaupart & Vergniolle, 1988, 1989; Vergniolle & Jaupart, 1990) lies in its ability to explain four very different
eruptive regimes at the surface by simple changes of the conditions in the reservoir, namely gas flux, magma
viscosity and bubble diameter.

Furthermore my model is only based on two conditions, which are easily met on basaltic volcanoes, that is, the
existence of a reservoir whose radius is at least three to six times that of the conduit and gas saturation in the
magma reservoir. The detailed mechanism by which a long foam accumulated in a conduit can be ruptured to
produce a high-level eruptive column is the subject of another study, involving a different laboratory apparatus.

8.2. Comparison of Degassing Patterns on Other Volcanoes
8.2.1. Constraints Brought by the Foam Dynamics in the Magma Reservoir

The four eruptive regimes at basaltic volcanoes are the weak Strombolian activity such as at Erta 'Ale, the high-
level lava fountains such as at Etna and Kilauea, the typical Strombolian activity such as at Stromboli and the
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Degassing parameters in magma reservoirs from measured gas flux at surface and model of foam behaviour
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Figure 9. Underlying gas flux (m*/s) at the top of the reservoir as a function of the bubble diameter (mm) in the reservoir for 5
eruptions at Etna (1989, 1995, 1998, 2000, 2001), the Kilauea Iki eruption, at Erta *Ale and Shishaldin using the foam model
and the expelled gas flux (Vergniolle, 2008; Vergniolle & Bouche, 2016; Vergniolle & Gaudemer, 2012). The bubble
diameter was overestimated during the 1995 eruption at Etna due to an underestimation of the gas flux, making the degassing
parameters at the 5 eruptions of Etna more similar to one another. Magma viscosities were 10 Pa.s for Kilauea
(Vergniolle, 2008), 1 Pa.s for Etna (Giordano & Dingwell, 2003; Métrich et al., 2001; Vergniolle & Gaudemer, 2012),
25 Pa.s at Erta * Ale (Vergniolle & Métrich, 2022) and 60—150 Pa.s for Shishaldin (Figure 2f). Surface tensions were 0.36 kg.
s72 0.10 kg.s™2, 0.36 kg.s~% and 0.1 kg.s 2 at these four volcanoes, respectively. The gas volume fraction at Erta *Ale is
extremely small, 0.023%-0.063% (Vergniolle & Bouche, 2016), small at Etna, 0.018%—1.2% (Vergniolle, 2008; Vergniolle
& Gaudemer, 2012), large for the Kilauea Iki eruption at Kilauea, >2% (Vergniolle, 2008), and Shishaldin >2%, leading to
the formation of bubble clusters (Figure 8). The radius of the reservoir is the smallest at Erta *Ale, relatively small at Etna and
Shishaldin, and the largest for the Kilauea Iki eruption, with radii of 155-170 m, 260-300 m, 200-210 m, 420-780 m,
respectively (Vergniolle, 2008; Vergniolle & Bouche, 2016). Note that Etna has degassing parameters in the reservoir
relatively close to that of Shishaldin, as expected from its 1.8% of Etna eruptions being Subplinian (Coltelli et al., 1995,
2000). The difference between the bubble population at these four volcanoes is explained by a different magma ascent rate,
very large at Shishaldin, large at Kilauea, intermediate at Etna and small at Erta *Ale.

high-level eruptive columns such as at Shishaldin. All these patterns can be explained by the accumulation of a
foam at the top of the reservoir, which is stable for weak Strombolian activity (Vergniolle & Bouche, 2016),
unstable for high-level lava fountaining and typical Strombolian activities (Jaupart & Vergniolle, 1988, 1989;
Vergniolle, 2008; Vergniolle & Gaudemer, 2012; Vergniolle & Jaupart, 1990) and at the limit between stable and
unstable at Shishaldin.

The bubble diameter and the radius of the reservoir have been deduced at Erta 'Ale, Etna and Kilauea from the gas
flux measured at the surface, the reservoir depth and the foam model (Figure 9). These results were obtained in the
same conditions as for modeling the magma reservoir at Shishaldin, using a gas volume fraction of 0.6. This
corresponds to the lowest estimate for the bubble diameter (mean —1 standard deviation) and the mean value for
the radius of the magma reservoir. Note that the 1995 eruption at Etna occurred at a different vent (northeast
crater) than the rest of the eruptions (southeast crater). Furthermore, the gas flux in 1995 was significantly
underestimated and not as accurately estimated as for the rest of the eruptions (Vergniolle & Gaudemer, 2012).
This had led to an overestimate on the bubble diameter in 1995, making all the five eruptions at Etna resembling to
one another (Figure 9).

The underlying gas flux is among the smallest at Erta 'Ale (Vergniolle & Bouche, 2016) and among the largest at
Shishaldin and for the Kilauea Iki eruption Kilauea (Vergniolle, 2008; Vergniolle & Jaupart, 1990) (Figure 9). In
constrast, the bubble diameter is the smallest at Shishaldin, intermediate at Etna and for the Kilauea Iki eruption
Kilauea and the largest at Erta 'Ale (Figure 9). The gas volume fraction at Erta 'Ale is extremely small, 0.023%—
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0.063% (Vergniolle & Bouche, 2016), small at Etna, 0.018%-1.2% (Vergniolle, 2008; Vergniolle & Gau-
demer, 2012), large for the Kilauea Iki eruption at Kilauea, >2% (Vergniolle, 2008), and Shishaldin >2%. The
radius of the reservoir is the smallest at Erta 'Ale, relatively small at Etna and Shishaldin, and the largest for the
Kilauea Iki eruption, with radii of 155-170 m, 260-300 m, 200-210 m, 420-780 m, respectively (Verg-
niolle, 2008; Vergniolle & Bouche, 2016).

Other estimates on the radii of the reservoir are comparable to our estimates based on the foam dynamics at Etna,
where the degassing reservoir is small (Albaréde, 1993; Calvari et al., 2001) and =0.5 km® (Condomines &
Michaud, 1995; Le Cloarec & Pennisi, 2001), hence with an equivalent spherical radius of ~500 m, and that at
Kilauea, ~500 m (Yang et al., 1992). The magma reservoir is suspected to be small at Shishaldin (Moran
et al., 2006; Rasmussen et al., 2018), which is in perfect agreement with a radius of 200 m, hardly detectable on
deformations.

The relatively small radius of the shallow magma reservoir may imply a relatively small magma reservoir with a
height of the order of the diameter, such as at Erta 'Ale with a reservoir thickness of 150-240 m. But it may also
correspond to a relatively large magma reservoir, with a height exceeding 3 km, such as at Etna (Vergniolle &
Gaudemer, 2012). The small surface area or its slender shape can explain why shallow magma reservoirs are
difficult to be detected by geophysical measurements. The example of Shishaldin also shows the role of the
reservoir radius onto the degassing pattern. The combinaison of a small radius with a relatively large gas flux
implies the formation of bubble clusters within the reservoir (Figure 8; Equations 10 and 11; Table 2). However,
bubble clusters can also be formed in a magma reservoir with a large surface area, such as during the Kilauea Iki
eruption. The diameters of the bubble clusters during this eruption, between 0.7 and 2.3 mm (Equations 10 and
11), are smaller than those at Shishaldin (Table 2), due to the large surface area of the reservoir.

At Shishaldin, the typical bubble diameter in the reservoir, between 0.038 and 0.034 mm, although small, is above
the critical bubble diameter at nucleation, <0.1 pm (Sparks, 1978; Sparks et al., 1994) and now approximately
estimated to be a few nanometers (Mourtada-Bonnefoi & Laporte, 2002). This bubble nucleus can grow very
rapidly to 1-10 pm as the gas diffusion is extremely efficient for so small a bubble (Hamada et al., 2010), larger
values, such as 10-100 pm for rhyolitic melts (Lyakhovsky et al., 1996) and 10-50 pm for basaltic melts such as at
Stromboli (Pichavant et al., 2013), resulting from a quasi-instantaneous bubble growth after nucleation. Hence the
bubbles at Shishaldin nucleated and hardly grew in the reservoir before the eruption. This is in very good
agreement with the existence of bubble clusters, whose bubble growth by gas diffusion is limited by both their fast
ascent velocity and by the small thickness of the interstitial films, rapidly depleted in volatiles (Figure 8). The tiny
bubble diameter at Shishaldin is smaller than the vesicle diameter of the Kilauea submarine basalts, ~0.1 mm
(Moore, 1965), which are erupted at a depth of 4-5 km, hence at a pressure closer to the shallow magma reservoir
than that of pumices collected at the vent (Vergniolle & Jaupart, 1990). It is also smaller than the diameter of the
bubbles collected within the glasses from mid-oceanic ridge basalts, 0.05-0.2 mm (Chavrit et al., 2012). Bubble
diameter at Shishaldin is also smaller than that at Erta 'Ale, 0.4-0.6 mm (Vergniolle & Bouche, 2016) and for the
Kilauea iki eruption at Kilauea, ~0.2 mm (Vergniolle, 1996, 2008; Vergniolle & Jaupart, 1990), which are both
close to predictions of a model for bubble nucleation and growth in dry basaltic melts (Bottinga & Javoy, 1989,
1990).

The differences in the diameter of the bubble clusters and that of the bubbles, twice as large and six times smaller,
respectively, at Shishaldin than during the Kilauea Iki eruption, suggests that the formation of the bubble clusters
during the Kilauea Iki eruption does not occur as early after the bubble exsolution than during the 1999 eruption at
Shishaldin. The very early formation of the bubble clusters at Shishaldin is in agreement with a deep exsolution of
CO,, as already proposed at Sunset crater (6,000 ppm, (Allison et al., 2021)), due to the relative richness in CO,
of the magma at Shishaldin (~2,700 ppm, (Rasmussen et al., 2018)) when compared to that during the Kilauea Iki
eruption (x400 ppm, Ferguson et al., 2016)).

8.2.2. Origin of the Bubbles in the Magma Reservoir

The bubble number density, that is, the number of bubbles in a reference volume, can be deduced directly from the
gas volume fraction when the bubbles are isolated. It can also be deduced from the diameter of the bubble clusters,
the largest bubble clusters indicating the largest initial bubble number density, when assuming a smilar gas
volume fraction, here between 0.63% and 2%. Therefore the bubble number density in the magma reservoir is
maximum at Shishaldin, large for Kilauea Iki, intermediate at Etna and small at Erta 'Ale. This is in agreement
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with the bubble number densities found in the pyroclasts ejected during the 122 BC eruption at Etna, 10°—
10® cm™, and those at Tarawera, 10° cm™, which are 1-2 orders of magnitude higher than those obtained in

typical Strombolian and Hawaiian scoria (Sable et al., 2009).

The bubble number density had been used to estimate the magma ascent rate by using a model based on the
diffusivity of H,O (Toramaru, 1995) for explosive eruptions (Toramaru, 2006). This model had also been adapted
to the diffusivity of CO, to asses the decompression rate, that is,.magma ascent rate, at the mid-oceanic ridges
basalts (Chavrit et al., 2012). These calculations showed that a large bubble number density is indicative of a large
ascent rate whereas a small bubble number density corresponds to a small ascent rate. Laboratory experiments
made by decompressing a silica-rich magma containing water have also shown that the bubble nucleation depends
on the decompression rate. A fast decompression rate leads to a population of numerous and small bubbles,
whereas a slow ascent rate leads to less numerous but larger bubbles (Hamada et al., 2010; Mourtada-Bonnefoi &
Laporte, 2004). In these conditions, it is tempting to associate the very large bubble number density at Shishaldin
to a very fast magma ascent rate, as already qualitatively proposed (Stelling et al., 2002), the large bubble number
density during the Kilauea Iki eruption to a large ascent rate, to suggest an intermediate ascent rate at Etna and a
slow ascent rate at Erta 'Ale.

This is in agreement with the estimates of magma ascent rate at Kilauea, with 17 m/s for the 10-km high Sub-
plinian column (ca. 1650) and 2 m/s for the high-level lava fountains of Kilauea Iki eruption (Ferguson
et al., 2016), that for the Subplinian phase of Fuego in 1974, 8-21 m/s (Llyod et al., 2014) and with the small
values found for the ascent rate for the basalts emitted at the mid-oceanic ridges, between 0.019 m/s and 0.88 m/s
(Chavrit et al., 2012). The magma ascent rate had been estimated from bubble number density and the textures of
the samples, at 1-2 m/s for the paroxysmal activity at Stromboli (Pichavant et al., 2013, 2022) and at 53 m/s for
the mafic Curacautin ignimbrite at Llaima (Valdivia et al., 2022). Similarly, it had been estimated to be between
3.8 m/s and 7.6 m/s and between 0.19 m/s and 3.8 m/s at Masaya (Fontana lapilli) and Shishaldin, respectively
(Szramek, 2016). The magma ascent rate, estimated from the bubble number density, is only known with + one
order of magnitude (Chavrit et al., 2012). Furthermore, the laboratory experiments, done by decompressing a
basalt containing both CO, and H,O, have shown that the homogeneous bubble nucleation is relatively
continuous, in contrast to the bubble nucleation in a magma presenting only one volatile phase, here a basaltic
melt rich in H,O (Le Gall et al., 2016a, 2016b; Pichavant et al., 2013) or that of a rhyolitic melt with both CO, and
H,0 (Mourtada-Bonnefoi & Laporte, 2002). While it is likely from the bubble number density that the magma
ascent rate is the largest for Shishaldin, large for the Kilauea iki eruption at Kilauea, intermediate at Etna and
small at Erta 'Ale, it is difficult to be more quantitative at this stage. Therefore, the bubble number density at these
four volcanoes, hence the population of small bubbles, is likely to mainly result from different magma ascent rates
in the magma reservoir.

8.2.3. Eruptive Patterns From Degassing Magma Reservoir

The difference between the high-level lava fountains during the Kilauea Iki eruption and the Subplinian activity at
Shishaldin is a direct consequence of the difference in the bubble diameter in the reservoir, six times smaller at
Shishaldin than at Kilauea (Figure 9). The difference between the high-level lava fountains at Etna and the
Subplinian activity at Shishaldin results from both the underlying gas flux, smaller at Etna than at Shishaldin, and
the bubble diameter, larger at Etna than at Shishaldin (Figure 9). It is also important to notice that a stable foam
accumulated in the reservoir can lead to two very contrasted eruptive regimes, the weak Strombolian activity,
such as at Erta 'Ale, or the Subplinian activity such as at Shishaldin, the difference being in both the underlying
gas flux and the bubble diameter (Figure 9). The similarity in reservoir radii at Erta 'Ale and Shishaldin, only
larger by 20% in radius, suggests both eruptive regimes, that is, due to an almost stable foam, are obtained by two
very contrasted bubble populations, numerous tiny bubbles at Shishaldin and fewer and bigger bubbles at Erta
'Ale (Figure 9). It is also important to note that the large underlying gas fluxes for the Kilauea Iki eruption at
Kilauea is mostly obtained by a larger reservoir radius, twice as large in radius, hence larger by a factor 4 in
surface area, than that at Shishaldin, and mostly by a larger gas volume fraction at Shishaldin than for the Kilauea
Iki eruption at Kilauea (Equation 11).

My study shows that the Subplinian activity at Shishaldin results from both a very large underlying gas flux and a
very small bubble diameter when compared to other basaltic volcanoes (Figure 9). This induces the foam trapped
at the top of the reservoir to be at its limit of stability at Shishaldin, thereby focusing a large gas flux into a much
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smaller conduit, a configuration for which a foam can grow into the conduit and be disrupted within a high-level
eruptive column. In this paper, I have proposed a basis to draw a diagram for all basaltic eruptive regimes, only
using bubble diameter, magma viscosity and gas flux in the magma reservoir (Figure 9). In the future, more
studies are needed to better define the limit between eruptive regimes.

9. Conclusion

Infrasonic measurements, by leading to estimates of the expelled gas volumes during each stage of the eruption,
had provided a quantitative understanding of the eruption dynamics for a large basaltic eruptive column, solely
based on the dynamics of the foam layer trapped at the top of the reservoir. The quantification of the underlying
gas flux in the reservoir was deduced from the gas volume expelled during each phase of eruptive activity and
from a timescale for foam accumulation at the top of the reservoir. Two different timescales were used, one based
on the temporal evolution of the RMS seismic amplitudes and one based on surface activity, giving underlying gas
fluxes of #0.52 m®/s and ~0.73 m*/s, respectively. The use of estimates of magma composition and temperature
obtained from melt inclusions (Rasmussen et al., 2018) combined with a model for the viscosity (Giordano
et al., 2008a, 2008b) has given a quantitative estimate of the magma viscosity with depth.

Laboratory experiments have shown that a foam in the reservoir at its limit of stability could lead both to the
formation of a long foam in the conduit, whose sudden rupture not studied here was at the origin of the Subplinian
eruptive column, and to the formation of a large gas pocket, analog to the trigger bubble, thought to be responsible
for this foam rupture at Shishaldin. The use of the dimensionless foam height, N, (Equation 2), for the foam in the
reservoir and interpreted to be that at the transition between stable and unstable foam gives an estimate of the
bubble diameter in the reservoir of ~0.038 mm and ~0.034 mm, when combined with the underlying gas fluxes
prior to the Subplinian phase of 0.52 m*/s and 0.80 m/s, respectively.

The strong decompression induced in the bubbly magma, by the removal of a large quantity of gas and liquid
during the Subplinian phase, is thought to be responsible for the coalescence of the remaining foam in the
reservoir, at the origin of the first Strombolian phase. This expelled gas volume, once compressed at the depth of
the reservoir, is combined with the theoretical volume of a quasi-stable foam in the reservoir produced by the
underlying gas flux prior to the Subplinian phase, to estimate the radius of the reservoir. Its small dimension, 200—
210 m, is sufficiently small to explain the lack of deformations prior to the Subplinian activity (Moran et al., 2006;
Rasmussen et al., 2018).

The large underlying gas flux, between 0.52 m*/s and 0.80 m>/s, can not be explained by the rise of a diluted
population of tiny bubbles, such as with a diameter of 0.038-0.034 mm. Hence, these bubbles must be so
numerous that they are organized into fast-rising bubble clusters very early after nucleation and when their gas
volume fraction becomes above the threshold between diluted and non-diluted regimes, between 0.63% and 2%
(Brennen, 2005; Happel & Brenner, 1973). I had assumed that the diameter of the bubble clusters is such that the
degassing is exactly at its limit between diluted and non-diluted, giving bubble cluster diameters of 3.5-4.6 mm
and 3.8-8.2 mm, for underlying gas fluxes of 0.52 m*/s and 0.80 m?/s, respectively, as prior to the Subplinian
phase. I have also proposed and quantified a new degassing process in a magma reservoir, that resulting from
bubble clusters. The early formation of the bubble clusters, by hindering the bubble growth by gas diffusion after
their nucleation, can explain the very small bubble diameter at Shishaldin.

The degassing parameters in magma reservoir, such as bubble diameter, underlying gas flux, gas volume fraction,
radius of the reservoir, have shown that the specificity of the Subplinian activity at Shishaldin lies in having
simultaneously the smallest bubble diameter with the largest underlying gas flux, when compared with Etna, the
Kilauea Iki eruption Kilauea and Erta 'Ale. The diagram of the underlying gas flux as a function of bubble
diameter for these four volcanoes had also shown that Etna, during its high-level lava fountaining activity, is the
closest to the Subplinian regime, when compared to Kilauea and Erta 'Ale, as expected due to the 1.8% occurrence
of Subplinian basaltic eruptions at Etna (Coltelli et al., 1995, 2000). This diagram also shows how contrasted are
the underlying gas flux and bubble diameter between Shishaldin and Erta 'Ale despite being both produced by a
quasi-stable foam in the reservoir and a similar reservoir radius. This study gives the basis for drawing a diagram
regime for all basaltic eruptive types. Lastly, the differences in degassing parameters between these four vol-
canoes are associated to a difference in the magma ascent rate, very large at Shishaldin, large for the Kilauea Iki
eruption at Kilauea, intermediate at Etna and small at Erta 'Ale.
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The interpretation of the Shishaldin eruption, by being consistent in both its degassing parameters in the reservoir
when compared to other basaltic volcanoes and its reservoir size, small, as deduced from the lack of deformations
(Moran et al., 2006), suggest that our foam model is very robust. Indeed this model only requires two conditions,
first having exsolved gas in the reservoir, as shown to be the case (Rasmussen et al., 2018; Stelling et al., 2002),
and second a moderate change in radius between the reservoir and the conduit, largely met by a factor >30 at
Shishaldin, whereas a factor of >6 is largely sufficient. The behavior of the foam at the top of magma reservoir
can now explain the four main regimes of basaltic activity, such as the weak and typical Strombolian activity, the
high-level lava fountains, and the Subplinian eruptive column simply by changing the underlying gas flux and the
bubble diameter in the magma reservoir.

Appendix A: Errors on Gas Volumes During Eruptive Columns

Our estimates on the gas volumes have been deduced from infrasound measurements done with a single sensor,
either for the typical or weak Strombolian explosions or for eruptive columns, such as for the Subplinian column
or the two thermals occurring in the middle of the pre-Subplinian phase (Figure 1). The source of sound for the
Strombolian explosions have been previously associated to a monopole, that is, a source characterized by a time-
varying mass flux and radiating (hemi)-spherically within the atmosphere (Vergniolle & Caplan-Auerbach, 2004;
Vergniolle et al., 2004), the measurements of the radiation pattern showing that this assumption is mostly valid
roughly within a +10% error at Erebus (Gerst et al., 2013; Johnson et al., 2008), Yasur (Jolly et al., 2017) and
Sakurajima (Fee et al., 2017). Vulcanian explosions at Tungurahae were best modeled as a dipole, that is, a pair of
acoustic monopoles with opposite sign imparting a net force on the fluid (Kim et al., 2012). The gas volume
emitted by the Subplinian column and the two thermals was deduced from the vent radius and the temporal
evolution of the gas velocity (Vergniolle & Caplan-Auerbach, 2006).

Power laws have been proposed to relate the gas velocity to the infrasonic power, with different empirical co-
efficients depending on the type of source, monopole, dipole or quadrupole, that is, formed by two dipoles
(Woulff & MacGetchin, 1976). We had assumed that the radiation of sound during an eruptive column is that of a
dipole, and that infrasonic power is related to the power 6 of the gas velocity (Vergniolle & Caplan-Auer-
bach, 2006). This simple power law was validated for eruptive columns, such as at Mt Augustine (Alaska) by
comparing with plume heights (Caplan-Auerbach et al., 2010) and at Eyjafjallajokull (Iceland) by comparing with
thermal videos (Ripepe et al., 2013). Hence the gas velocity during the Subplinian column, found to be
82 + 3.2 m/s (Vergniolle & Caplan-Auerbach, 2006), is probably a reasonable estimate.

However a proper estimate of the gas velocity should take into account the directionality of the infrasonic source
(Matoza et al., 2013), previously assumed to be a dipole radiating in a hemisphere (Vergniolle & Caplan-
Auerbach, 2006). Furthermore the intensity, which depends on the angle between sensor and the axis of the
eruptive column, should be used rather than infrasonic power (Matoza et al., 2013). Scaling laws relating gas
velocity to the infrasonic intensity have been proposed and tested for conditions very different from the eruptive
columns, which are hot multiphase flows (Matoza et al., 2013; Tam, 2019; Tam et al., 2008). These scaling laws
depends on (a) two empirical coefficients, which are totally unknown for volcanic conditions, (b) the temperature
ratio between that of the volcanic mixture and that of the atmosphere and (c) the Mach number, that is, the ratio
between the velocity of the volcanic dusty gas and the sound speed. The source of the sound of a jet have been
associated to both fine-scale turbulence and large-scale turbulence, each of these sources having a different angle
of emission (Tam, 2019; Tam et al., 2008). Self-similarity spectra have been proposed for these two sources based
on a few reference set-ups, such as supersonic flows at laboratory scale, military aircrafts or rocket motors
(Tam, 2019; Tam et al., 2008).

The jet noise produced by a Plinian eruptive column at Shinmoe-dake (Japan), however, does not agree with the
above jet noise models and cannot explain the infrasonic eruptive tremor and the seismic eruptive tremor
(Ichihara, 2016). In contrast, the spectra produced by a phreatic eruption at Mount St Helens (USA) and heavily
particle-laden flows at Tungurahae (Ecuador), both of which being classified between Vulcanian and Plinian,
mostly falls into the regime whose sound is dominated by large-scale turbulence, despite a significant mismatch at
mid-frequency (Matoza et al., 2009). This result is remarkable because the operating conditions of eruptive
columns are very far from the database used to validate the self-similarity solutions (Matoza et al., 2009;
Tam, 2019). The potential errors made in using the infrasonic power with the assumption of isotropic spherical
radiation (Vergniolle & Caplan-Auerbach, 2006) have been estimated using the above database (Matoza
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et al., 2013). Previous estimates of the gas velocity may have to be multiplied by a factor 1.2 to 1.6, depending on
experimental reference set-ups used to calibrate errors, giving 135 m/s as the maximum estimate of the average
gas velocity at Shishaldin. The wide range of values potentially applicable to volcanoes added to the other un-
certainties associated to the source of the sound, with the drastically different operating conditions than those
corresponding to the analog jets noise (Matoza et al., 2013), have prevented me to use these scaling laws for the
Subplinian column or the two thermals produced by Shishaldin volcano. Therefore the average gas velocity
during the Subplinian column is likely to be between 82 m/s (Vergniolle & Caplan-Auerbach, 2006) and 135 m/s.
However the temporal evolution of the gas velocity was probably correctly estimated by previous studies
(Vergniolle & Caplan-Auerbach, 2006) because the conditions within the volcanic jet are unlikely to change
dramatically within the different periods of the Subplinian eruptive column or that of the two thermals. Hence the
total gas volumes emitted during the Subplinian columns and the two thermals only need to be rescaled by the
range of values possible for the average gas velocity.

Gas velocities were found to be 93-220 m/s for the Vulcanian blasts at Mt Augustine (Caplan-Auerbach
et al., 2010) and 54-142 m/s for the 4-8 km eruptive columns at Eyjafjallajokull (Ripepe et al., 2013). Muzzle
velocities of 150 m/s and 170 m/s were estimated for the two Plinian eruptions of Masaya (Nicaragua) (Wil-
liams, 1983) and up to 250 m/s for the 1886 Tarawera eruption (Walker et al., 1984). Vulcanian explosions at
Soufriere Hills (Montserrat Island, West Indies) was also estimated between 40 m/s and 180 m/s (Druitt
et al., 2002). It is important to note that the Subplinian column or the two thermals do not start with initial
decompression, unlike Vulcanian explosions or large Plinian column. We therefore expect the gas velocity at
Shishaldin to be below the above values. Our maximum estimate of the average gas velocity, 135 m/s, which is
comparable with other values found for similar eruptive patterns, is probably an upper limit due to the lack of
initial decompression.

Data Availability Statement

All the necessary informations to reproduce all the results presented in this paper can be found in Verg-
niolle (2024a, 2024b). The model for predicting magma viscosity can be found in Giordano et al. (2008a, 2008b)
and the calculations of the reduced displacement in Thompson (2023).
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