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Abstract Volcanic systems can exhibit periodical trends in degassing activity, characterized by a wide
range of time scales. Understanding the dynamics that control such periodic behavior can provide a picture
of the processes occurring in the feeding system. Toward this end, we analyzed the periodicity of
outgassing in a series of decompression experiments performed on analogue material (argon-saturated
silicone oil plus glass beads/fibers) scaled to serve as models of basaltic magma. To define the effects of
liquid viscosity and crystal content on the time scale of outgassing, we investigated both: (1) pure liquid
systems, at differing viscosities (100 and 1000 Pa s), and (2) particle-bearing suspensions (diluted and
semidiluted). The results indicate that under dynamic conditions (e.g., decompressive bubble growth and
fluid ascent within the conduit), the periodicity of foam disruption may be up to several orders of
magnitude less than estimates based on the analysis of static conditions. This difference in foam disruption
time scale is inferred to result from the contribution of bubble shear and bubble growth to inter-bubble
film thinning. The presence of particles in the semidiluted regime is further linked to shorter bubble
bursting times, likely resulting from contributions of the presence of a solid network and coalescence
processes to the relative increase in bubble breakup rates. Finally, it is argued that these experiments
represent a good analogue of gas-piston activity (i.e., the periodical rise-and-fall of a basaltic lava lake
surface), implying a dominant role for shallow foam accumulation as a source process for these
phenomena.

1. Introduction

Volcanic activity observed at the Earth’s surface is a complex result of a wide range of phenomena occurring
in the plumbing system. For the common case of the eruption of foamed magmas, the stability of magmatic
foam plays a primary role in influencing their eruptive behavior [e.g., Wilson et al., 1980]. Indeed, even the
origin of explosive basaltic eruptions has generally been related to the ascent of large gas pockets
described either via the rise speed model [e.g., Wilson and Head, 1981] or the foam collapse model [e.g.,
Jaupart and Vergniolle, 1989]. The former assumes that coalescence occurs during bubble ascent within the
conduit, leading to the formation of slugs. The latter, on the contrary, invokes the periodical collapse of a
magmatic foam at the roof of the magma chamber to explain the development of slug-bubbles, then rising
through the conduit and bursting at the surface. Combined models have been proposed in the literature,
under the assumption that irregularities of the geometry of the conduit, such as local inclination or cross-
section constriction and horizontal branching, are capable of promoting cascading foam collapses [e.g.,
James et al., 2013]. At the degree of complexity commonly characteristic of natural volcanic systems, geo-
physical data reveal that more than one process can be active at the same time [e.g., Bani et al., 2013; Spina
et al., 2016a] and the instability of magmatic foam might be a source of some geophysical signals. The peri-
odical collapse of a foam layer in the magma column at Galeras volcano, for example, was identified as
source of long-period (LP) events based on correlation analysis between the average LP lapse time and the
theoretically expected foam collapse time [Cruz and Chouet, 1997].

Despite the substantial literature dealing with magmatic foams and their collapse time scales [e.g., Jaupart
and Vergniolle, 1989; Proussevitch et al., 1993], several questions remain yet unanswered. In particular, the
importance of understanding how dynamic conditions (i.e., decompressive bubble growth and fluid ascent
within the conduit) affect the final time scale of collapse is apparent. It follows from the above that an
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accurate description of system properties (i.e., presence of particles and fluid viscosity) and the temporal
evolution of the foam will be required to better constrain the source processes of cyclic activity frequently
observed at active volcanoes.

Periodicity in eruptive activity, with different time scales spanning from minutes to hours up to years, has
been widely reported for subaerial (e.g., Soufriere Hills Volcano [Druitt et al., 2002]), submarine (e.g., Mono-
wai Volcano [Chadwick et al., 2008]), and even extraterrestrial volcanoes (e.g., Loki [Rathbun et al., 2002]).
Among the different styles of cyclic degassing at basaltic systems, a well-known case is the so-called gas-
piston activity, typically expressed in the cyclic rise-and-fall of a lava lake surface [i.e., Swanson et al., 1979].
Despite abundant literature dealing with the modeling of gas pistons [Orr and Rea, 2012, and references
therein], the mechanism governing the cyclical uprising of the lava column is still debated. Geologic obser-
vations and geophysical data have yielded inconsistent models [Marchetti and Harris, 2008]. The introduc-
tion of laboratory experiments into this debate offers the hope of further elucidating the source processes
of such cyclic degassing phenomena at basaltic volcanoes.

Here we have investigated in detail the periodicity in the outgassing of analogue magmatic foams generated
during decompression experiments. The general degassing response of the mixtures to decompression and
their rheological properties have been analyzed in a companion paper by Spina et al. [2016b]. In the present
paper, we address the final stage of the foam evolution, characterized by cyclic degassing style. In particular,
we focus on a subset of analogue samples, with different physical properties (i.e., liquid viscosity and particle
content) to investigate the effect of dynamic and material parameters upon outgassing time scales. The cycli-
cal regimes of foam renewal and collapse were characterized in both time and frequency domains. The results
obtained are discussed and compared with previous models. Finally, we present the implications of our exper-
imental observation for volcanic eruptions, focusing particularly on gas-piston activity at lava lakes.

2. Experimental Setup

The decompression experiments were performed in a shock-tube device, consisting of a cylindrical Plexiglas
autoclave serving as a high-pressure section (77.5 cm3 volume, radius 1 cm) and a high-volume (3.7 3 105

cm3 volume; radius 20 cm) expansion chamber operating at ambient pressure (for further details on the
apparatus, see Spina et al. [2016b]). The samples, consisting of �20.4 cm3 of Newtonian silicone oils, were
inserted at the bottom of the autoclave. Once mounted, we saturated the samples with Argon gas for 72 h
at 10 MPa and then decompressed the system through a dedicated valve. During the slow decompression
(�1022 MPa s21), typically lasting roughly 1000 s, the pressure in the system was measured by two static
pressure transducers, and the dynamics of the fluid was tracked using a video camera operating at 25 fps.

We selected for our study on periodicity a subset of the experiments from Spina et al. [2016b] (see Table 1)
comprising (1) pure silicone oil samples with viscosities of 100 Pa s (#3 and #4) and 1000 Pa s (#5), both

Table 1. List of the Performed Experimentsa

Exp.
Name

Fluid
Viscosity (Pa s)

Particle
Content (vol %)

Particle
Shape

Bubble
Radii (mm)b

Volume Gas/Total
Sample Volume (60.01)c

#3 100 0 0.7–3.8 0.26
#4 100 0 0.05–3.2 0.20
#5 1000 0 0.4–3.1 0.29
#8 100 1 Spherical 0.5–1.7 0.51
#9 100 10 Spherical 0.33–1.1 0.48
#10 100 20 Spherical Not detectable 0.47
#14 100 0.3 Elongated 0.3–1.5 0.37
#15 100 3 Elongated 0.2–2.4 0.49
#16 100 7 Elongated Not detectable 0.45
#26 1000 0 0.2–3.2 0.41
#27 1000 0 0.6–3.6 0.41

a#3 to #16 are taken from Spina et al. [2016]. The samples were saturated with Argon gas for 72 h at 10 MPa (9.5 MPa for experiment
#3).

bRange of bubble radii measured at the base of the foam at different time during the foam oscillation phase. Note that the range is
not exhaustive over the whole bubble population.

cCalculated as incremental volume from the initial full liquid sample. The maximum error originates from the assumption of a flat
interface in the volume computation.
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within the range of viscosity of basaltic melts [e.g., Giordano et al., 2004]; and (2) particle-bearing experi-
ments with a relatively low particle volume fraction / ( #8 to #11 and #14 to #16) added to the 100 Pa s sili-
cone oil basis. The particles used to mimic the role of crystals were (1) spherical glass beads (average
diameter: 83 mm; aspect ratio: 1) and (2) elongated glass fibers (average length and diameter: 149 and 14
mm; aspect ratio: 10). Two experiments were added to the existing data set (#26, #27; the numbering of
experiments extends that of Spina et al. [2016b]) both were performed on 1000 Pa s silicone oil, to ensure
repeatability of observations.

According to Mueller et al. [2010, and references therein], for spherical particles, the diluted and semidiluted
regimes are restricted to /� 0.02 and /� 0.25, respectively. Conversely, for a spheroidal particle with an
aspect ratio of 10, the limits are /� 0.005 and /� 0.05, respectively. Therefore, our particle-bearing experi-
ments were performed in the diluted regime at / 5 0.01(#8) and / 5 0.003(#14), for spherical and elongat-
ed particle, respectively, and in the semidiluted regime at / 5 0.1, 0.2 (#9, #10) and / 5 0.03, 0.07 (#15, #16)
for spherical and elongated particles, respectively (Table 1).

3. Results

Upon decompression, we observed bubble nucleation and the development of a foam layer at the top of
the sample. The foam expands until coalescence becomes dominant, and the mixture enters a regime of
repeated periodical foam growth and outgassing (foam oscillation regime [Spina et al., 2016b]; see support-
ing information videos Spinaetal_ms01, 202 and 203).

In some cases, we observed the bursting of individual bubbles at the surface and/or at the contact with the
conduit wall, abruptly opening a pathway for gas escape from greater depths (Figure 1). Some other collap-
ses were unrelated to any observable burst at the surface, with coalescence occurring instead within the
foam at the subsurface, followed by inward motion of the outermost sample section.

Tracking foam height is the simplest method to estimate foam stability [e.g., Iglesias et al., 1995]. The period-
ic degassing style of our mixtures was characterized by tracking the variation with time of the height of a
central point along the fluid surface, together with two lateral points roughly 5 mm apart (Figures 2–5). The
repetition of cycles of foam growth and collapse is reflected by well-defined oscillations at the top of the

Figure 1. (a–c) Snapshots from experiment #15 (100 Pa s silicone oil with 3 vol % of elongated crystals), corresponding to 126, 152, and
156 s after the initiation of oscillation phase, respectively. The yellow line marks the position of the fluid surface. (d) Simplified sketch rep-
resenting the start of a collapse phase. The disruption of the foam due to coalescence opens a pathway for gas escape, indicated both in
Figures 1b and 1d by a pink arrow.
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mixture. In order to better characterize such periodicity, we additionally performed Lomb-Scargle spectral
analysis [e.g., Lomb, 1976; Scargle, 1982], based on the least squares fit of sinusoids to data samples, and
particularly recommended for uneven sampled data. Experiments with particle-bearing samples occasional-
ly contain gaps in the foam height data resulting from images where fluid level cannot be clearly identified
and thus not clearly tracked (e.g., dotted lines in Figures 4 and 5 and supporting information video Spinae-
tal_ms02). The obtained spectra are shown in plots c, e, and g of Figures 2, and 5, and plots c and e of Fig-
ure 3. To minimize the contribution of very low-frequency peaks (approximately <3 mHz, periods >300 s)
that are not related to the foam-outgassing process, but rather to the bulk behavior of the mixture through
the decompression, we evaluated for each spectrum a mean frequency as follows:

fmean5

PN
i51 ðpxxi � fiÞPN

i51 pxxi

(1)

where fmean is the weighted mean of the overall frequency distribution, i.e., a kind of center of mass (COM)
of the spectrum [Carniel et al., 2005], and pxxi represents the power spectral density of the signal evaluated
at each of the N frequency fi.

Particle-free experiments are illustrated in Figures 2 and 3. Experiments #5, #26, and #27 (1000 Pa s) display
a more regular oscillatory trend and higher amplitudes compared to experiments #3 and #4 (100 Pa s). In

Figure 2. (a) Snapshots from experiments #26, #27, and #5 picturing the initiation of foam oscillation. (b, d, f) Height variation of the fluid surface, measured at a central point along the
surface (blue line) and on two lateral point roughly 5 mm apart (red and green lines), for experiments #26, #27, and #5, respectively (silicone oils with viscosity of 1000 Pa s, particle free;
see Table 1). Data were collected with a sampling rate of 2 Hz. The pink dotted line indicates the time of aggregation to the foam layer of a bubble nucleated at the base of the experi-
mental conduit. Black arrows indicate bursting of bubbles at the surface and/or at the contact with the wall, preceding the foam outgassing. Note that time zero corresponds to the
beginning of foam oscillation regime. (c, e, g) Lomb-Scargle spectrum of the height of the central point along the fluid surface (blue solid line in Figures 2b, 2d, and 2f). The grey dotted
line marks a level of significance for spectral peaks equal to 95%. The mean frequency value (fmean) is shown at the right bottom corner.
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the latter, due to the more rapid dynamics of volatile transport in the lower-viscosity fluid, a thinner foam
layer is developed. The mean frequency of the 1000 Pa s samples lies in the range 7.4–9.5 mHz (equivalent
to periods of 135–105 s). Experiments #3 and #4 have a very coherent spectrum with mean frequency at val-
ues of about 9.5 mHz (105 s).

The results from spherical and elongated particle-bearing experiments are shown in Figures 4 and 5, respec-
tively. Note that the spectra become broader with increasing solid content, and peaks at frequencies higher
than 20 mHz appear (e.g., Figures 4e, 4g, and 5e). Concomitantly, the mean frequency increases from the
value of �8 mHz (i.e., periods of 125 s) in #8 and 14 (i.e., diluted regime) to the range of 12–17 mHz (i.e.,
periods of �83–60 s) in #9, #10, #14, and #15 (i.e., semidiluted regime). Furthermore, for experiments #9
and #10, the growth and collapse time scale increases with elapsed time (Figures 4d and 4f). An analogous
but less pronounced tendency to an increase in the time scale is observed in #8 (Figure 4b). Similarly,
experiments #15 and #16 display longer oscillation time scales at later stages (Figures 5d and 5f).

In Figure 6a, the duration of several cycles of growth and outgassing, measured from the curves shown in
Figures 2–5, is plotted versus the viscosity of the sample. The measured cycle duration ranges between 15
and �90 s for experiments #3 and #4 and between 15 and 120 s for experiments #5, #26, and #27, consis-
tent with the spectral observations. In the pure silicone oils, at different viscosities, no relevant variations of
time scale or amplitude of the cycles were observed during the duration of the investigation (roughly 900–
1000 s). On the contrary, as noted above, semidiluted particle-bearing experiments exhibit an increase in
the cycle duration with time (Figures 4 and 5). This increase is further highlighted by the roughly linear rela-
tionship between the duration of each cycle and its starting time along the decompression (Figure 6b).
Thus, the high values of the dotted box in Figure 6a represent measurements obtained at a later stage of
decompression (roughly after 400 s from the beginning of the foam oscillation regime). If we neglect these

Figure 3. (a) Snapshots from experiments #3 and #4 picturing the initiation of foam oscillation. (b, d) Height variation of the fluid surface,
measured on a central point along the surface (blue line) and on two lateral point roughly 5 mm apart (red and green lines), for experi-
ments #3 and #4, respectively (silicone oils with viscosity of 100 Pa, particle free, see Table 1). (c, e) Lomb-Scargle spectrum of the height
of the central point along the fluid surface (blue solid line in Figures 3b and 3d). Other symbols and sampling rate as in Figure 2.
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high values and compare results for experiments at times <400 s, the overall decrease in cycle duration
with an increase in viscosity (i.e., particle content) becomes evident for particle-bearing samples (see section
4 for further discussion).

In Figure 6c, we plotted the growth phases of 34 oscillations, picked at different times from all the experi-
ments, and selected by ensuring that the signal is representative of the bulk mixture and not related to indi-
vidual bubbles on the fluid surface. In most cases, foam growth was characterized by a decelerating pattern
of the fluid level rise.

4. Discussion

4.1. Comparison of the Time Scales of Foam Stability With Previous Investigations
In the present experiments, we observed the repeated spontaneous partial disruption of the analogue foam
at the top of the fluid column, often preceded by the arrival and bursting of bigger bubbles at the surface,
opening an escape pathway for the gas phase (see Figures 1 and 7 and supporting information videos). This
is consistent with the fact that foams are metastable systems, spontaneously tending to separate into two
distinct bulk phases, with different dynamical time scales [Bhakta and Ruckenstein, 1997]. At later stages,

Figure 4. (a) Snapshots from experiments #8, #9, and #10 picturing the initiation of foam oscillation. (b, d, f) Height variation of the fluid surface, measured on a central point along the
surface (blue line) and on two lateral point roughly 5 mm apart (red and green lines), for experiments #8, #9, and #10, respectively (silicone oils with viscosity of 100 Pa s, and volume per-
centages of spherical crystals of 1, 10, and 20%, respectively, as shown in Table 1). (c, e, g) Lomb-Scargle spectrum of the height of the central point along the fluid surface (blue solid
line in Figures 4b, 4d, and 4f). Other symbols and sampling rate as in Figure 2.
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bubbles, originating within the liquid, contribute to the growth of the foam layer gathering at the liquid-
foam interface at the bottom of the foam column. In a similar way, the foam accumulates at the top of the
fluid column within the conduit and acts as a rheological barrier against the ascent of individual bubbles
toward the surface [e.g., Dibble, 1972; Chouet and Dawson, 2015].

As noted above, Jaupart and Vergniolle [1989] experimentally analyzed the periodical collapse of a foam in a
cylindrical tank topped by a vertical thin conduit, using silicone oils and glycerol solution as analogue mate-
rials, and injecting gas flux of up to 2000 cm3/min. They observed that collapse occurs at a critical thickness,
related to (1) the fluid viscosity and (2) the input gas flux, which induces maximum deformation of the bub-
bles in contact with the roof. In our experiments, there is no upper constriction to foam expansion, and col-
lapses appear related to the topological rearrangement/internal evolution of the foam structure rather than
to the achievement of a critical thickness.

According to Nguyen et al. [2013, and references therein], several mechanisms contribute to the film thin-
ning at the base of the foam collapse, namely (i) gravitational forces; (ii) capillary forces; (iii) bubble growth
(either by decompression or diffusion); (iv) foam shearing, by magma ascent or by bubble coalescence. The
liquid expulsion (i.e., drainage) by gravity and/or capillary forces provide a lower bound on coalescence
rate; hence, several models have been developed to study the drainage times of individual films. Among

Figure 5. (a) Snapshots from experiments #14, #15, and #16 picturing the initiation of foam oscillation. (b, d, f) Height variation of the fluid surface, measured on a central point along
the surface (blue line) and on two lateral point roughly 5 mm apart (red and green lines), for experiments #14, #15, and #16, respectively (silicone oils with viscosity of 100 Pa s, and vol-
ume percentages of elongated crystals of 0.3, 3, and 7%, respectively, as shown in Table 1). (c, e, g) Lomb-Scargle spectrum of the height of the central point along the fluid surface (blue
solid line in Figures 5b, 5d, and 5f). Other symbols and sampling rate as in Figure 2.
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them, Proussevitch et al. [1993] analyzed the process of liquid expulsion along a film (between two bubbles)
and a Plateau border (between three or more bubbles), focusing on the case of bubbles in equilibrium with
the melt (no diffusive or decompressive growth) and dominated by capillary forces. Successively Nguyen
et al. [2013] revised the classic formulation based on the assumption of no-slip boundaries at either side of
the liquid film, taking into account the possibility of mobile film interfaces (in the absence of surfactants or
impurities). They verified their theory experimentally on air bubbles injected into silicone oil, and rising to
the air-liquid interface. Although Nguyen et al. [2013] investigated a single bubble at the surface of a large-
volume liquid, in case of negligible external deformation/bubble growth their experiments represents a
first-order analogue to inter-bubble film drainage in vesicular magmas, given that the overall force balance

Figure 6. (a) Duration of growth-and-collapse cycles versus sample viscosity. Data points enclosed in the dotted box were measured at lat-
er stage (> 400 s approximately from the initiation of oscillation phase) of the experiments. (b) Duration of growth-and-fall cycle of the
semidiluted particle-bearing experiments plotted against the time at which the cycle begins. Note that time zero correspond to the begin-
ning of foam oscillation regime. (c) Height variation of a central point along the fluid surface, measured during the growth phase of 34
cycles, relative to the height of the mixture at the beginning of the same cycle. A linear or decreasing trend of the surface uplift is evident.
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remains unaffected. As such, the results of their study are proposed as a basis against experiments involving
multiple or growing bubbles, as considered in this work, and represent the most appropriate starting point
to assess the effect of complex dynamic conditions.

To determine whether capillary or gravity forces control drainage process, a parameter, i.e., here the capil-
lary length, is computed according to the following [i.e., Nguyen et al., 2013]:

k5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r=Dqg

p
(2)

where r is the surface tension, Dq is the density difference between the bubble and the surrounding liquid,
and g the acceleration due to gravity. For bubble radii smaller than k, capillary forces dominate, whereas in
the opposite case, gravity forces prevail. In our experiments, r and Dq correspond to 0.0215 N m21 and
968.3 kg m23, respectively, yielding k equal to 1.5 mm, which is close to the value defined for silicate
melts (3 mm) [Proussevitch et al., 1993]. Thus, given the observed distribution of bubble radii (on the order
of <1–4 mm), both regimes are taken into account. In Nguyen et al. [2013], the gravitational (tg) and capil-
lary (tc) drainage times of individual viscous bubbles are computed according to the following equations

tg5Cgln
d0

df

� �
g

D.gR
(3)

tc5Cc ln
d0

df

� �
gR
r

(4)

with g fluid viscosity, r is the surface tension, d0 and df are the initial and the final film thickness, respective-
ly, R is the bubble radius, and Cg and Cc are empirical constants. The values of Cg, Cc, and ln(d0/df) for silicone
oils were experimentally investigated by Nguyen et al. [2013] and correspond to 5, 20, and 7.

Figures 8a and 8b show the results expected for our analogue samples at different viscosities and bubble
radii, according to the above mentioned drainage-dominated model. Given that equations (3) and (4) do

Figure 7. (a–c) Snapshots from experiments #27 (1000 Pa s) and (d, e) #14 (100 Pa s with 0.3 vol % of elongated crystals), picturing the
growth and disruption of the outermost portion of the foam. The inward flow of the collapsing upper portion of the foam is evident in Fig-
ure 7e.
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not account for the role of particles, we compare these models with our results from pure silicone oil experi-
ments. As evident from Figures 8a and 8b, foam disruption time scales are systematically overestimated
from equations (3) and (4) by up to more than 1 order of magnitude, exemplified by the high-viscosity
experiments #5, #26, and #27. This misfit emanates from the bubble growth effects and the shear rate with-
in the conduit, and clearly remarks that such contribution cannot be neglected in situations where dynamic
conditions prevail.

4.2. The Effect of Shear Deformation and Bubble Growth on Film Thinning
Okumura et al. [2008] performed experiments on rhyolitic obsidian, observing an increase in the degree of
bubble coalescence and breakup with shear strain for strain rates from 0.017 to 0.027 s21. In our experi-
ments, shear strain rates c related to the vertical flow ascent in the conduit were evaluated by using
c 5 4u0/3Rc, where u0 is the axial velocity and Rc the conduit radius [e.g., Llewellin and Manga, 2005]. The
axial ascent velocity was estimated from the profile of the fluid surface. In order to estimate an average val-
ue, a complete analysis would require the computation of the shear strain rate at several depths along the
conduit [Llewellin and Manga, 2005]. Our interest however focuses specifically on the uppermost section of
the foam, where coalescence sets the time scale of collapse. We obtained strain rates on the order of 1023

s21 for 100 Pa s experiments and 1022 s21 for experiments with viscosities of 1000 Pa s as well as for
particle-bearing experiments. Assuming a range of bubbles radius on the order of 0.05–4 mm, the bubble
shape relaxation time (i.e., time for bubbles to recover their spherical shape upon cessation of shear stress),
computed as s 5Rg/r, is in the range of 2–160 s for viscosities of 1000 Pa s, and decreases to only 0.2–16 s
in samples with viscosities of 100 Pa s. Accordingly, we assume that during the vertical ascent in experi-
ments #5, #26, and #27, bubbles might have experienced shear deformation. This hypothesis is confirmed
by video observations depicting evident bubble elongation due to shear in these samples (Figures 7a–7c,
and supporting information video Spinaetal_ms01). Therefore, we conclude that a shear strain rate in the
order of 1022 s21 favored coalescence in the experiments #5, #26, and #27; here bubbles were stretched
during fluid ascent, which is in agreement with Okumura et al. [2008] and explains the maximum deviation
observed for these samples from the models previously discussed.

Additionally, measurements of the expansion rate in particle-free experiments (#3 to #5 and #26, #27) sug-
gest that bubbles at the base of the foam layer have a growth rate of 102221021 mm/s. Bubble growth
related to both decompression and/or diffusion produces an increase in bubble radius and local porosity,
thereby decreasing the time scale for disruption. Notably, Gardner [2007] found an increase in coalescence
episodes upon isothermal decompression, which underpins a dependence of coalescence on the decom-
pression state of the system.

Figure 8. (a) Capillary and (b) gravity drainage time computed for silicone oil at different bubble radii and liquid viscosity from Nguyen
et al. [2013]. We fixed r 5 0.0215 N/m; ln (d0/df) 5 7; Dq 5 968.3; Cc 5 20, Cg 5 5 (for more details see section 4.1). In Figure 8a, the white
solid lines mark the values of liquid viscosities and bubble radii required for drainage times equal to 90 s (maximum value for experiments
#3, #4), 120 s (maximum value for experiments #5, #26, and #27), and 1000 s (as a reference for drainage times � 1 order of magnitude big-
ger than observed).
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Our experimental results suggest that the time scale for outgassing measured upon dynamic conditions are
up to 1 order of magnitude smaller than the theoretical times estimated for static conditions. Similar results
were obtained by Neethling et al. [2005], who studied the film stability of sodium dodecyl sulphate (SDS)
foams. They found that the pressure required to overcome bubble-disjoining pressure was smaller than
expected from single film measurements, and attributed this evidence to vibration due to bubble bursting,
topological rearrangements of bubbles and to effects related to the flow of the mixture. Neethling et al.
[2005] consequently assumed a distribution of bursting probabilities to be more representative of real
foams than a narrow range of values. Together with our experimental results, such evidence highlights the
urgency for future investigations to focus on realistic models of film stability taking into account flowing/
decompressed foams.

4.3. The Influence of Particles on Foam Dynamics
In our experiments, the presence of particles plays a fundamental role, enhancing a more pervasive bubble
distribution than in pure silicone oils and a higher gas-volume fraction due to heterogeneous nucleation
[Spina et al., 2016b] (Table 1: #8 to #16 versus #3, #4). The marked increase in volatile content can therefore
be described as an increase in hypothetical gas flux from the bubbly fluid below the foam. This is reflected
in the overall trend of the foam height through time (Figures 4 and 5): at high gas flux, the upward velocity
of the gas phase exceeds the downward flux due to liquid drainage, and foam height increases indefinitely
[e.g., Grassia et al., 2006], as observed in #9, #10, whereas in #3, #4, #5, and #8 we noted a constant trend,
i.e., rate of bursting close to the surface matches the gas rate from below [Neethling et al., 2005]. Conversely,
the decaying trend in particle-bearing experiments was attributed to a much more effective degassing
related to flocculation or particle reorientation [Spina et al., 2016b]. Such upward or downward movement
of the bulk mixture was removed from the signal before measuring the time scale of foam collapse.

Differences in crystal content in our experiments correspond to different bubble size distributions and gas
volume ratio in the liquid. In particle-bearing experiments, the radii of bubbles within the foam are smaller
than in particle-free experiments (Table 1), and therefore a faster drainage time of the films is expected
[Grassia et al., 2006]. Furthermore, the presence of particles provokes increased bubble breakup by the solid
network and coalescence [Mena et al., 2005], therefore decreasing the time scale for outgassing. Previous
studies performed on particle-rich analogue mixtures show that the gas phase tends to deform around the
areas that offer larger resistance [Oppenheimer et al., 2015], creating tortuous and complex paths for gas
escape and promoting the development of a permeable network. Indeed, in our experiments, the frequency
of outgassing increases (increasing bursting rate) with particle content, as evident from the mean frequency
(Figures 4 and 5). In particular, the mean frequency is doubled in the semidiluted regime when compared
to the diluted regime, both for spherical and elongated particle-bearing experiments. Within the semidi-
luted regime, we did not observe a primary role of the amount of solid loading.

Additionally, we observed in particle-bearing experiments a general tendency to a lengthening of the oscil-
lation time scale with elapsed time in the semidiluted regime (Figure 6b). We attribute this evidence to the
disruption of the most external foam layer, producing an increase in the film thickness of the underlying
foam, thus doubling the collapse time scale [Proussevitch et al., 1993]. With time, drainage redistributes the
liquid within the foam, progressively drying the outermost foam layer, which becomes again unstable
[Bhakta and Ruckenstein, 1997]. Interestingly, we did not observe the same temporal evolution for particle-
free experiments. We infer that the presence of particles reduces the speed of fluid redistribution enhancing
the effect played by the increase in film thickness at later stages of the foam evolution.

4.4. Implications for Natural Systems
The applicability of our experiments to the dynamics of volatiles in shallow basaltic systems has been previ-
ously verified at low gas volume fraction (/b< 0.45; i.e., before the development of the foam) for each
experiment performed in the diluted regime by means of nondimensional numbers, e.g., Reynold, E€otvos,
Morton bubble numbers, and Capillary numbers [Spina et al., 2016b, and references therein]. This approach
ensures the similarity in the balance of forces (e.g., inertial, viscous, surface tension, buoyancy, and capillary
forces) acting on each fluid volume in the experimental and natural cases which are extensively discussed
in Spina et al. [2016b].
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For higher gas volume fraction (/� 0.45,
i.e., the foam stage discussed in this
study), a few additional considerations are
necessary. Foams are metastable time-
varying systems, with short-scale longitu-
dinal and radial variations and for which
no rheological models are yet defined
[e.g., Mader et al., 2013]. Therefore, we
focused on the foam drainage process, to
define an appropriate set of nondimen-
sional parameters rather than comparing

the overall properties of the systems. Assuming the same value of gas volume ratio e and gravity constant g
both in the experiment and in a basaltic system, the drainage time due to capillary or gravity forces, t,
depends on the following significant variables (already defined in section 4.1):

t5ffdf ; d0; R; r; Dq; gg (5)

The above mentioned parameters involve three fundamental dimensions (mass, length, and time), from
which we derive the three following nondimensional Pi-groups by Buckingham-Pi theorem [Buckingham,
1914]:

P 1ð Þ 5 R=df (6)

P 2ð Þ 5d0=df (7)

P 3ð Þ 5 df � gð Þ=r (8)

As reference for a basaltic magma, we took values of df, r, and g equal to 0.1 mm, 0.3 N m21, and 100–
1000 Pa s [e.g., Carey et al., 2012; Giordano et al., 2004]. Similarly, for silicone oil, df is equal to 0.1 mm [e.g.,
Nguyen et al., 2013], r correspond to 0.0215 N m21, and g is either 100 or 1000 Pa s. Bubble radius is difficult
to constrain, especially for natural systems where measurements can span several orders of magnitude.
Here we here assume a range of radii in the order of 5 mm to 5 mm for basaltic magma [Carey et al., 2012],
and 0.05–4 mm for experimental observations, where the lower boundary of the range is determined by
capability of visual detection. The resulting values are reported in Table 2. We observe a good fit for P(1)
and P(2), while P(3) for our experiment is about 1 order of magnitude smaller than in volcanic systems.
This difference is likely related to the major role played by surface tension in liquid drainage in basaltic vol-
canoes that can imply—for the same viscosity—longer collapse time than observed here when dealing
with systems dominated by capillary drainage. The effect of surface tension can be neglected for systems
dominated by gravity drainage (bubble radius on the order of 1 cm) [Proussevitch et al., 1993]. The substan-
tial similarity in the two systems suggests that the analogue foam is able to reproduce the dynamics of
magmatic foams. Nevertheless, it is important to remind that the range of variability of parameters (as for
instance the bubble radius) is much wider in nature than in our experimental systems. For the same experi-
mental conditions, each of our experiments takes into account exclusively a single decompression rate, and
no variations in the gas flux were allowed. Both conditions might produce important changes in the evolu-
tion of periodicity. Therefore, we do not aim to pinpoint a specific time scale for basaltic systems, but rather
to define the physical processes and the effects played by dynamic conditions on the periodicity of
outgassing.

In particle-bearing experiments, the relative size of particles affects the style of gas-solid interaction. In order
to parametrize this geometrical factor; we computed w, i.e., the ratio between bubble diameter and particle
width [Belien et al., 2010; Spina et al., 2016b]. For spherical particle-bearing experiments (particle width: 83
mm) with bubble radii of 0.3–1.7 mm, w is equal to 7–40. For elongated particle-bearing experiments (parti-
cle width: 149 mm), we obtained a value of w equal to 2–32 over a bubble radius range of 0.2–2.4 mm.
Therefore, assuming a population of crystal of 100 mm, for both particle shapes, our results are applicable to
bubbles with radii of hundreds of millimicrons to few millimeters. The preliminary results presented here for
particle-bearing experiments underline the urgency for future research to explore a wider range of geomet-
rical factors, addressing the effects of different particle dimension on the time scale of foam outgassing.

Table 2. Comparison of Nondimensional Numbers to Compare Drainage
Time Scales in Experimental and Natural System (Pi-Groups Analysis)a

Nondimensional
Parameter

Experimental
Value

Volcano-Scale
Condition

P 1ð Þ5R
�
df

1032104 10–104b

P 2ð Þ5d0
�
df

10–103 10–103b

P 3ð Þ5df g
�
r 1012103 1032104b

aParameter list: R 5 bubble radius, d0 5 initial film thickness; df 5 critical
film thickness; g 5 fluid viscosity; r 5 surface tension.

bR, df, and d0 from Carey et al. [2012].
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In a shallow conduit, the growth of bubbles is dominated by decompression rather than by diffusion
[Sparks, 1978]. Therefore, our laboratory experiments, where decompression prevails, are fundamental to
target the shallow feeding system. Here the investigated decompression rates (�0.02 MPa/s), are coherent
with the values for effusive-explosive eruptions (20–200 Pa s21, 2 3104 Pa s21) predicted by Namiki and
Manga [2006], and with the decompression rate <0.02 MPa s21 expected in natural systems, depending on
their eruptive style [Fiege et al., 2014, and references therein].

The analysis of bubble shape in pyroclastic obsidian revealed strain rates on the order of 1022 s21 near the
conduit wall [Rust et al., 2003]. Mangan et al. [2015] estimated strain rates of 0.03–3 s21 for low-energy effu-
sive activity and 2–425 s21 for high-energy lava fountains based on the average flow velocity (0.1–320 m/s;
derived from eruptive fluxes) in a conduit of 0.5–2.5 m. Based on theoretical models, Gonnermann and
Manga [2003] suggested strain rates of 1 s21 immediately prior to fragmentation. Therefore, strain rates of
<1022 s21 can be considered to reasonably simulate low-energy explosive/effusive activity within the vol-
canic conduit.

5. Foam Oscillation and Gas-Piston Activity at Lava Lakes

Lava lakes are usually characterized by a wide range of variations in the surface level, which can be distin-
guished in long-term (days to weeks) and short-term (minutes to hours) fluctuations. The former is generally
related to major changes in the course of an eruption [Tilling, 1987]. Among short-term fluctuations, gas-
piston activity is a well-known modality of degassing, originally defined to describe the cyclic rise and fall of
the magma column observed during the 1969–1971 activity of Mauna Ulu vent at Kilauea Volcano (Hawaii)
[i.e., Swanson et al., 1979]. At that time, the lava column—capped by a solidified but flexible crust—rose
from few meters up to several tens of meters in 15–20 min and successively withdraws to its starting level
in 1–2 min [Swanson et al., 1979]. Patrick et al. [2014] observed a maximum increase of lava lake level at
Halema’ uma’ u crater (Kilauea Volcano, Hawaii) of 15 m in few minutes to several hours. Marchetti and Har-
ris [2008] provided a detailed description of different features (thermal amplitude, occurrence, and thermal
waveforms) of gas-piston activity at Pu‘u ‘�O‘�o crater (Kilauea) in 2001–2003. By analyzing a collection of
�4000 events, they defined the existence of repeatable thermal waveforms, and the presence of systematic
changes in their type, duration and recurrence. Finally, Orr and Rea [2012] characterized gas pistons occur-
ring at Drainhole vent (Pu‘u ‘�O‘�o crater, Kilauea) in June 2006. They reported a height increase of the lava
surface of 0.7–5.3 m in a time span of 2–60 min (average value: 13 min) and an average duration of the col-
lapse phase equal to 49 s. At that time, the vent diameter was equal to 5 m.

Several hypothesis have been advanced to explain the source of gas-piston activity. We here refer to the
classification of Patrick et al. [2016] suggesting three main classes of source models:

1. The first class assume the existence of a shallow gas accumulation zone within the vent, either trapped
by the cool superficial crust [Swanson et al., 1979] at the lake surface or by the underlying hot viscoelastic
magma layer [Patrick et al., 2011]. Alternatively, the episodic growth and failure of the foam accumulated
at the top of the magmatic column is inferred to occur irrespectively of the presence of a surface crust.
In such a case, the foam is assumed to act as a rheological barrier [Dibble, 1972; Orr and Rea, 2012; Chouet
and Dawson, 2015].

2. In an opposite way, the periodical ascent of deep-sourced slugs, forming from the collapse of magmatic
foam at the roof of the magma chamber [i.e., Jaupart and Vergniolle, 1988; Johnson et al., 2005; Edmonds
and Gerlach, 2007] has been proposed as source for gas-piston events.

3. Finally, Witham et al. [2006] suggested a model based on dynamic pressure balance, assuming that the
continuous streaming of gas, and the consequent reduction of bulk density, might cause repeated col-
lapse of the system.

Orr and Rea [2012] observe that a dynamic pressure balance model (3) implies continuous bursting of bub-
bles at the lava surface during magma rise that is inconsistent with field observations. Additionally,
although thermal data could not discriminate between the classes of models (1) and (2) [Marchetti and Har-
ris, 2008], Orr and Rea [2012] pointed out that the linear or decreasing rise speed of the surface level,
observed in the field, is not compatible with the ascent of individual slugs toward the surface (models 2). A
shallow origin for the gas source is also proposed by Patrick et al. [2016] based on seismic and infrasonic
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observations and on the evidences of shallowly rooted spattering activity and rock fall-triggered gas-piston
events. Contrary to Edmonds and Gerlach [2007], FTIR data from Patrick et al. [2016] show no CO2 enrich-
ment relative to other gas phases as expected for deeply sourced gas slugs.

Our experiments provide evidence that analogue magmatic foam, upon relatively low decompression rates
(<0.02 MPa s21), spontaneously produces cyclic oscillations of the surface level due to repeated foam
growth and outgassing in the conduit. This evidence contributes in assessing the importance of models
based on the shallow gas accumulation zone (1) as source mechanism for gas pistons. As previously stated
by Dibble [1972], the foam represents a rheological barrier, which inhibits direct outgassing, acting as a vis-
cous plug. Within the foam, critically stable equilibrium is achieved in response to the different ongoing
physical phenomena as growth, coalescence, rise of bubbles and liquid drainage. When collapse occurs
below the surface layer, the abrupt decrease of pressure induces an inward flow of the foam (i.e., Figure 7e).
The sudden decrease of pressure and gas release is in accordance with discrete jetting events observed in
thermal signals [i.e., Johnson et al., 2005], previously interpreted as the results of slugs penetrating the lava
crust.

Based on the simplified nature of the experiments, we suggest caution in quantitatively comparing our data
with gas-pistons activity observed in volcanic systems, nevertheless, a few additional analogies could be
drawn. A linear or decreasing trend of the fluid surface during its ascent was noticed in our samples (Figure
6c), which is in accordance with the observations at lava lakes [Orr and Rea, 2012]. The extent of increase in
the height of the surface (�0.002–0.01 m), scaled to the diameter of the experimental conduit (0.02 m) lies
in the range of 0.1–0.5. A similar spectrum of normalized growth height (0.14–1.06) can be obtained from
literature for gas-piston activity [Orr and Rea, 2012] (vent diameter: 5 m, piston height 0.7–5.3 m), sugges-
ting that the extent of foam oscillation is rather similar.

The lifetime of a gas-piston ranges from few minutes to hours at the same vent [e.g., Swanson et al., 1979;
Orr and Rea, 2012]. Similarly, in our experiments, we observed a range of growth and collapse time scales
from few seconds to minutes. Such wide range of bursting probabilities fits properly with the broad distri-
bution expected in foams [Neethling et al., 2005]. Nonetheless, in our experiments the ratio between aver-
age rising time and average collapse time is equal to �4.5 (average rise time: 77.5 s; average collapse time:
15 s), where the same ratio is much higher and equal to � 16 in Orr and Rea [2012] (average rise time: 13
min, average collapse time: 49 s). In other words, our analogue foam experienced either longer collapse or
shorter growth phases.

We recall here that our experiments do not take into account the effect of thermal heat exchange that are
operative in lava lakes. On a long-term scale, the ascent of hot buoyant magma, replacing the cool and the
crystallized outermost section, prevents the cooling and the death of the lava pool. This process has
granted the long-term life of lava lakes such Erta-Ale, Ethiopia (>98 years) [Harris et al., 2005]. On the con-
trary, the lifetime of our experiments is dictated by the complete degassing of the sample. In addition, the
heat exchange, occurring at the surface of the lava lake, generates a cool thin fractured crust lying above a
ductile and viscoelastic layer with temperature comprised between 800 and 10708C [Harris, 2008]. Beneath
the viscoelastic layer, bubbles gather into a shallow foam with thickness of up to few tens of meters [Chouet
and Dawson, 2015]. The crustal lid [Swanson et al., 1979] and/or the viscoelastic layer [Patrick et al., 2011]
have been suggested to retain the gas phase during gas-piston growth. On the contrary, models based on
the spontaneous foam collapse at the top of the lava lake assume that the crust is rather the consequence
of foam accumulation, acting as rheological barrier [e.g., Dibble, 1972; Orr and Rea, 2012; Chouet and Daw-
son, 2015]. Whether it represent the mechanism for gas trapping or not, the superficial crust acts as an over-
burden that might contribute to stabilize the foam [Chouet and Dawson, 2015]. Hence, the occurrence of
shorter growth phases agrees with the simplified nature of the experiments, where the contribution of the
crust/viscoelastic layer is not present. An impermeable layer could further contribute retaining the foam
during the drainage phase, increasing the time scale required for the onset of permeability and outgassing.
In contrast, the extent of foam collapse depends on the liquid profile content, which is function of the bub-
ble size distribution, the surface tension [Neethling et al., 2005] and of the properties of the foam. Neverthe-
less, we note that repeated foam collapse outgassing at the top of the fluid column of the analogue basaltic
samples produces oscillations of the foam surface with similar features (e.g., scaled oscillation amplitude,
linear or decelerating trend of the surface uplift) to those observed at lava lakes during gas-piston activity
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(e.g., in Kilauea), and support the validity of gas accumulation models in explaining cyclic degassing style at
basaltic volcanoes.

6. Concluding Remarks

1. Upon decompression of volatile-saturated samples, we observe the development and growth of a foam
layer at the top of the analogue magma column. The foam enters into a regime of vigorous oscillation
related to the repeated collapse of the outermost section.

2. Time scales of foam growth and collapse span over the range of 10–102 s, with minimum values related
to low fluid viscosities and high solid loading. The obtained results are up to 1 order of magnitude
smaller than the time scale estimated from drainage. This misfit is attributed to the dominant contribu-
tion of the film thinning (hence coalescence and outgassing) of strain due to vertical ascent and bubble
(decompressive or diffusive) growth. Additionally, the oscillation time scales are distributed in a relatively
broad range, consistent with the complexity of the foam nature and the multiplicity of factors contribut-
ing to its coalescence.

3. Particle-bearing experiments in the semidiluted regime showed a shorter time scale of foam growth and
collapse, which was related mainly to the role of solid network, increasing bubble breakup and coales-
cence. Additionally, the oscillation time scale increases with elapsed time, due to the hindering role of
particles in redistributing the liquid involved in the precedent bursting phases.

4. Based on the similarity between our results (on fluid surface displacement trend and its amplitude) and
observation of volcanic gas-piston activity, we showed that our simplified experimental system provides
a good source model for gas-piston activity, confirming experimentally the validity of those models
based on foam accumulation within the shallow conduit.
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