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Abstract we simulated the ascent of bubbly magma in a volcanic conduit by slow decompression
experiments using syrup foam as a magma analogue. During decompression, some large voids appear

in the foam. The expansion of one void deep in the foam leads to another void expansion, and the void
expansion then propagates upward. The void expansion finally reaches the surface of the foam to originate
outgassing. The velocity of the upward propagation of void expansions is essentially the same as the
rupturing velocity of the bubble film, suggesting that the rupture of films separating each void propagates
upward to create the pathway for outgassing. The calculated apparent permeability of decompressed
foam can become higher than that measured for natural pumices/scoriae. The upward propagation of film
ruptures thus allows for efficient outgassing. This may also appear as the mechanism for energetic gas
emissions originating at a depth, such as Strombolian eruptions.

1. Importance of Film Ruptures on Outgassing

It has been widely recognized that outgassing from preeruptive magma determines the subsequent
volcanic eruption styles [e.g., Eichelberger et al., 1986; Klug and Cashman, 1996; Barmin et al., 2002; Houghton
et al., 2004; Shinohara, 2008; Gonnermann and Manga, 2013]. The explosivity of dry eruptions depends on
the amount of volcanic gasses within the magma. This is because silicate melt itself does not have enough
compressibility to explosively expand, while the gas existing in the magma as bubbles can expand explo-
sively by a rapid decompression [Spieler et al., 2004; Namiki and Manga, 2008; Parfitt and Wilson, 2008]. The
interconnected bubbles generated by coalescence may enable permeable gas flow and cause outgassing.
When permeable gas flow in bubbly magma is sufficiently fast, the outgassing may preclude explosive
eruption [e.g., Mueller et al., 2008; Rust and Cashman, 2011]. However, the idea of permeable outgassing
[Eichelberger et al., 1986; Klug and Cashman, 1996] has originated from structures of solid pumice/scoriae,
which can maintain the shape of the permeable network. In contrast, in the foam of a molten magma, each
bubble is surrounded by melt films; hence, vesicular magma is not necessarily permanently permeable
but may transiently become permeable [Namiki and Manga, 2008; Takeuchi et al., 2009]. The magma foam
permeability can be transient rather than constant.

Exsolved volcanic gasses make bubbles and are surrounded by melt. In this paper, we call the melt sur-
rounding bubbles as “bubble film! To separate the volcanic gasses from the magmatic foam, rupturing of
the bubble film is required. Deformation of the bubble film causes the film to rupture, resulting in inter-
connected bubbles [Burgisser and Gardner, 2005; Okumura et al., 2009; Castro et al., 2012; Namiki, 2012;
Moitra et al., 2013]. Indeed, in Stromboli, large bubbles are observed, which may be formed by coales-
cence and contribute to the outgassing [Polacci et al., 2009]. Large bubbles of various sizes become sources
of gas emissions from puffing to Strombolian eruptions [Ripepe et al., 2002; Burton et al., 2007; Colo et al.,
2010]. Strombolian eruptions are considered as gas emissions originating at depths and ascending as slugs
[Vergniolle and Brandeis, 1996; Seyfried and Freundt, 2000; Burton et al., 2007; James et al., 2009; Aiuppa et al.,
2010; Bello et al., 2012; Pioli et al., 2012]. However, it still remains unclear how a large-gas slug is generated
and how the slug ascends within the bubbly magma.

In contrast, geochemical observation of volcanic gasses shows that substantial outgassing from mag-
mas at shallow depths occurs without eruption [Shinohara, 2008; Edmonds et al., 2009]. Gas saturation
pressure, which is correlated with the exsolved depth, can be estimated from the ratio of observed
volcanic gas species. Large amounts of gas exsolution at a shallow depth without eruption suggest
that the degassed magmas close to the vent are segregated from the volcanic gas and return to the
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Figure 1. Schematic diagram of the apparatus with a still photograph of the experiment of Run 1 at 209 s.

depths without eruption. This mechanism has been recognized as the magma column convection model
[Shinohara, 2008; Palma et al., 2011].

Details of a film rupture have been studied in isolated bubbles and droplets [e.g., Debregeas et al., 1998;
Kobayashi et al., 2010; Oldenziel et al., 2012; Nguyen et al., 2013]. In a two-dimensional foam, it is observed
that the generation and coalescence of large voids by film ruptures dominate the gas separation [Burnett
et al., 1995; Hasmy et al., 1999]. Similar phenomena have also been reported for immiscible fluids with a
large viscosity contrast [Sato and Sumita, 2007].

Here we examine whether the decompression associated with magma ascent may be able to cause tran-
sient outgassing. Decompression leads to the expansion of bubbles, resulting in the thinning of bubble
films and making them rupture. Film ruptures may generate interconnected structures of bubbles that seg-
regate the volcanic gas from the surrounding magmatic foam. For this paper, we decompressed syrup foam
as a magma analogue to simulate the ascent of bubbly magma in a conduit. The syrup has a viscosity and
surface tension similar to those of basaltic magma so we can apply our experimental results directly to the
real magma system. Experiments show that the upward propagation of film ruptures creates a pathway for
energetic gas emissions.

2. Experimental Methods

We conducted slow decompression experiments in an acrylic tank with inner dimensions of 0.57 m (width),
0.87 m (height), and 0.04 m (depth) as shown in Figure 1. To prevent the walls from warping during decom-
pression, 10 acrylic blocks were placed in the tank. For our magma analogue, we used syrup solutions.
Experimental conditions are summarized in Table 1, and notations are summarized in Table 2. By varying
the water content of the syrup, we changed its viscosity between 12 and 4300 Pa s, which covers the typi-
cal viscosity range of basaltic melts, between 10 and 10° Pa s [e.g., Giordano and Dingwell, 2003], and most
preerupted andesitic melts, < 10* Pa s [e.g., Takeuchi, 2011]. The density of the syrup itself is between
1400 and 1452 kg m=3, which is smaller and of the same order of magnitude as that for the typical den-
sity of basaltic melt, approximately 2700 kg m=3. We infer that this small difference in the density between
the real magma and our syrup does not prevent us from applying our experimental results to real volcanic
outgassing. The density difference between the liquid and gas phases is important for bubble ascent and
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Table 1. Experimental Conditions and Results®

Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7
Red Cross Pink, Red Asterisk Light Blue Diamond Green Square Green Circle Blue Triangle Blue Plus Sign

Viscosity n Pas 12 12 220 920 920 4300 4300
Initial ¢ - 0.81 0.73 0.20 0.72 0.74 0.68 0.54
Final ¢ = 0.93 0.91 0.88 0.85 0.87 0.92 0.61
Mean ¢ = 0.91 0.84 0.82 0.80 0.84 0.90 0.60
¢ to begin outgassing - 0.87 0.88 - 0.72 0.82 0.68 0.54
Min P, Pa 12X 10° 1M1 X10° 11 %x10° 23X 10° 27X 10° 9% 10° 4X10°
Max -dP,/dt Pa/s 4x10° 1X10° 6X10° 1X10° 4x10° 6X%10° 6Xx10°
Max k m? 2%x107"° 3x107™" = 2x 107" = 1x107™" 1X107°
Initial D mm 0.19 0.27 0.10 0.26 0.28 0.39 0.49
Void size at Max k m 0.01 0.01 - 0.01 - 0.04 -
Vv, m? 1.4Xx1073 0.8%x 107 20% 107 13x107 0.5%x 107 15X%107 23%x10°
Characteristic Compress Small ¢, D Small V, Wait
Propagation Observed Observed Observed Observed Observed

*Viscosity is for bubble-free syrup, ¢ is the volume fraction of gas, the minimum P, is the measured minimum pressure inside the foam, the maximum —dP, /dt is the averaged
decompression rate for the first 10 s, k is the apparent permeability calculated from equation (6). In Run 3 (light blue), chemical reaction increases the gas fraction inside foam dur-
ing the decompression so that occurrence of outgassing cannot be evaluated. For Run 5, the pressure difference between two transducer is too low to calculate k. D is the bubble
diameter. We measured the typical bubble diameter from the close-up view as shown in Figure 1 before we began the decompression. Large voids appear during the decompres-
sion, as shown in Figure 1. Details of the characteristics are described in the experimental methods section. The propagation of void expansion is shown in Figure 2. Colors and
symbols correspond to those in Figures 3a and 6.

compaction; neither phenomenon is significant in our experiments. Bubbles are created through a chemical
reaction between baking soda and citric acid, generating carbon dioxide. Using this method, a foam with a
bubble fraction of ¢» >0.5 is easily made.

We estimate that the surface tension between the syrup and carbon dioxide is similar to that between the
silicate melt and volcanic gasses. This is because the surface tension between the aqueous sugar solution
and air is similar to that of pure water, 0.07 N m~' [e.g., Lindfors, 1924]. The surface tension between the

Table 2. Notation

Parameter Unit Description

k m? Apparent permeability

i m Average height of the foam

R m Void radius

V., m’ Foam volume measured by visual observation

V, m’ Syrup volume in foam

7% m’ Gas volume inside the foam calculated from V, — V.

Vv, m? Time-dependent gas volume initially located inside the foam
v, ms™ Rupturing velocity of bubble film

<
g

Propagation velocity of void expansion
Outgassing velocity

<'E
3
«

)

v, /I s Outgassing rate

P, Pa Pressure measured by the transducer inside the foam
P, Pa Pressure measured by the transducer above the foam
P, Pa Atmospheric pressure

p Pa Overpressure inside bubble

P, Pa Initial overpressure inside bubble

T s Timescale until over pressure reduces

S m? Cross section of foam

t s Time

r m Aperture radius

r, m Initial aperture radius

r m Aperture radius at t = 7

D m Bubble diameter

n Pas Viscosity of bubble-free syrup

n, Pas Viscosity of gas

p kg m? Density of bubble-free syrup or magma

Py kg m=3 Density of gas

() - Volume fraction of gas inside the foam calculated from V,_ /V,
e m Film thickness

y Nm™’ Surface tension

<, ms™ Sound velocity
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silicate melt and water is on the order of a magnitude of 0.1 N m™' [e.g., Bagdassarov et al., 2000; Mangan
and Sisson, 2005; Gardner, 2012]. The syrup foam is dyed a reddish color for visualization. Given that the
syrup foam is opaque, we illuminated the tank by a surface backlighting source to visualize the distribu-
tion of large voids made by the expansion and coalescence of small bubbles. Although our tank is quasi two
dimensional, its depth of 0.04 m is greater than the size of most of the largest void (0.01 m). Thus, we con-
sider that our experiments are applicable to both two-dimensional dikes and three-dimensional (cylindrical)
conduits. These are the same techniques that we used in Namiki and Manga [2008] and Namiki [2012]. We
do not consider the effect of phenocrysts. Decompression experiments of crystal (corundum)-bearing rhyo-
lite have shown that preexisting crystals do not affect the bubble size distribution and bubble connectivity
[Okumura et al., 2012].

We introduced syrup foam inside the tank and then decompressed it using a vacuum pump. We measured
the pressure inside and outside the foam using pressure transducers located at the top and bottom of the
tank with a sampling rate of 5 Hz. The nominal accuracy and repeatability of transducers for all measur-
able ranges are <1250 Pa and <250 Pa for the lower transducer and <5000 Pa and <1000 Pa for the upper
transducer, respectively. Within the pressure ranges in our experiments, we estimate the accuracy and
repeatability for both transducers are <500 Pa and <100 Pa, respectively, and verify that in decompress-
ing an empty vessel, the difference in the measured values between the two transducers is within <250 Pa.
Thus, we consider the resolution of pressure is <1000 Pa for the absolute value and <250 Pa for the rela-
tive difference. All of experiments were conducted at pressures higher than >1000 Pa (Table 1). We used
the measured pressure difference between two transducers to obtain apparent permeabilities. Maximum
permeabilities in Table 1 are calculated when the pressure differences are >1000 Pa.

We calculate the maximum decompression rate —dP, /dt in Table 1 by averaging the pressure change
measured by the lower sensor P, for the initial 10 s. If the ascending magma velocity is related to the decom-
pression rate by pgv ~ dP/dt, the maximum decompression rates in our experiments —dP, /dt ~ 10% Pa s™
are equivalent to the ascending velocity of 10~" m s~', where p ~ 10° is the density of bubbly magma and
g = 9.8 m s is the gravitational acceleration. The decompression rate becomes lower as time elapses, and
the pressure inside the tank eventually approaches the minimum value. We vary the decompression rate
and minimum pressure by leakage.

The sequence of foam expansion is recorded with a high-resolution video camera that takes 30 frames per
second with a resolution of 1440 x 1080 pixels. We calculate the volume change of the decompressed foam
as the product of the two-dimensional foam image and the fixed tank depth of 0.04 m. In reality, the depth
of the foam is thinner than 0.04 m at the top of the foam because of its mounded shape, but we use the
ridgelines to calculate the two-dimensional images. Consequently, the calculated foam volume becomes a
maximum estimate so that the calculated outgassing volume and the permeability become minimum esti-
mates. When we calculate the foam volume, we exclude the volume of the acrylic blocks. Except for Run 3,
we began the decompression after the volume increase of the foam by chemical reaction decelerates. The
chemical reaction inside the foam may still continue during the experiments, which increases the real out-
gassing volume but is not included in our estimate. The measured maximum expansion rate by chemical
reaction is less than 10% of that expected by decompression. When calculating the initial foam volume, we
do not consider the syrup that adheres to the tank wall; this results in an increase of the error to 10% but
does not affect the experimental results significantly. The experiments were begun at atmospheric pressure
(1004-1019 hPa) and were conducted at room temperature (17-22°C), so that water evaporation from the
syrup during decompression was negligible.

We performed seven experiments with four different viscosities, as summarized in Table 1. In Run 2, we
decompressed the syrup foam twice; i.e., we decompressed it to 8.5 x 10* Pa, compressed it to atmospheric
pressure, and then decompressed it again to 1.1 x 10* Pa. In this experiment, we also changed the decom-
pression rate intermittently. In Run 3, we decompressed the foam before the chemical reaction creating
bubbles ended so that both the initial bubble size and bubble fraction in the foam became small. As a result,
the gas mass inside the foam increases at least 3 times during the decompression. We thus do not discuss
the occurrence of outgassing for this experiment. In Run 5, the syrup volume was less than in the other
experiments. In Run 7, we waited 1 day after making the foam to start the experiment so that the bubble
size in the foam became larger than in the other experiments.
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Figure 2. (a) Overview of the experiment of Run 1. As the pressure inside the tank becomes lower, the syrup foam expands. The blue
and green curves show the time variation of pressure measured at the bottom and top of the tank, respectively, as denoted by blue and
green squares in Figure 1. The light blue cross shows the timing of each photograph. Red and white rectangles show the timing and the
region shown in the (b) local photographs of the foam and the (c) differences between the pictures shown in Figure 2b and those taken
0.5 s later. The bright region indicates the occurrence of time variations, such as void expansion. White arrows indicate the propagation
of the region where voids are expanding. The numbers indicate the elapsed time after decompression begins.

3. Upward Propagation of Film Ruptures

3.1. Experimental Observations

Figure 2a shows an overview of the experiment of Run 1. When the inside of the tank was decompressed,
as denoted by Figure 2a (blue and green curves), the syrup foam expanded. As the foam expanded, several
large bubbles appeared, as shown in Figure 1. Larger bubbles, generated by the expansion and coalescence
of small bubbles, have different behaviors from small bubbles. In order to distinguish large bubbles, we call
large bubble void in the following text.

During the expansion of the foam, the expansion of voids propagates upward, as shown in Figure 2c. We
find that when a void near the bottom expands (Figure 2¢, 208.3 s, upper arrow), the void above it subse-
quently expands (Figure 2¢, 208.6 s, upper arrow), while the lower one shrinks. At 209.0 s, the two voids
coalesce into a large void. At 210.0 s, a void close to the surface expands and opens the outlet releasing the
gas inside the void to the outside of the foam. Outgassing, thus, occurs. This behavior suggests that the gas
trapped inside voids travels upward. Details of the void expansion and its upward propagation are recog-
nizable in animated images (Animation S1 in the supporting information) and by the time difference of still
photographs (Figure 2c). Especially, the propagation direction is accurately verified in Animation S1. It is,
however, difficult to identify the propagation of void expansion from still photographs (Figure 2b).

We observed similar characteristics in the five experiments listed in Table 1. Note that similar phenomena
are observed in Run 3, in which chemical reaction generates carbon dioxide during the decompression. In
Run 5, we found large voids in the foam and intermittent movement of the surface associated with out-
gassing but did not observe the propagation of void expansion. This is because as foam is opaque, some
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Figure 3. (a) Measured propagation velocities of void expansions. Symbols correspond to those listed in Table 1. Large symbols indi-
cate the maximum velocities measured within each experiment. The slope shown by a black line is calculated for the large symbols.
Black bullets indicate the measured rupture velocities of bubble film surrounding an isolated bubble [Kobayashi et al., 2010]. Details are
provided in Appendix A1. The dotted red line is the film rupture velocity calculated by r, /7 as shown in Figure 3c. The green line indi-
cates the hypothetical rupture propagation velocity of the gas exchange between two coalescing bubbles and is calculated by R/7. The
dotted blue line shows the Stokes velocity and is estimated using equation (1). (b) Black bullets indicate the estimated film thicknesses
surrounding isolated bubbles using equation (A1). The red line is a fitting line of four black bullets # > 5 Pa s. Details are provided in
Appendix A2. The blue-dotted rectangle indicates the critical thickness of rupturing film as compiled by Nguyen et al. [2013]. (c) The
left-hand y axis and blue line indicate the timescale 7 until the overpressure inside the bubble reduces in association with a film rupture
as calculated by equation (4). The right-hand y axis and green line indicate the aperture radius for t = 7 calculated by equation (A1).

void expansions may be hidden from view. In Run 5, the height of the foam was small. The propagation dis-
tance of void expansions may be too short to be observed. In Run 7, the volume fraction of gas was lower
than in other experiments; we do not observe voids in the foam. We infer that the visibility inside the foam
depends on the volume fraction of gas. Even when voids exist in the foam with low gas fractions, they are
not observed.

Figure 3a summarizes the measured propagation velocities of void expansion. We measured the propa-
gation velocity by observing animations in slow motion. We measured the loci of voids and time at the
beginning and end of void propagation and then calculated the propagating velocity, assuming that void
expansion propagates in a linear path. When the propagation direction changed halfway through the prop-
agation, we approximated them by polygonal lines. We calculated the average velocity and did not account
for time-dependent velocity changes. We repeatedly measured the propagation velocity for the same event
and confirmed that the measurement errors associated with this method are within the size of the large
symbols. We measured 10 different events in each experiment except for Run 4, in which the final volume of
foam is small, and so we found only two events.

Figure 3a shows that the maximum propagation velocity is dependent on viscosity and that the measured
propagation velocity varies within the same experiment. This may be because the propagation of void
expansion sometimes gets held back at a particular void until the void expands sufficiently.
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3.2. A Model
3.2.1. Conceptual Model

Our experiments show that the expansion of voids begins deep in the foam and propagates upward. The
propagation finally reaches the surface of the foam and causes outgassing. We interpret these results as
meaning that the upward propagation of film rupturing occurs as shown in Figure 4 and is observed as the
propagation of void expansion. We discuss the details of our hypothesis below.

Figure 4 explains our conceptual model of the propagation of void expansion. When a film between two
vertically contacting voids ruptures, the coalescing two voids make one large void. The newly created large
void deforms the surrounding film so that another film ruptures. In general, bubble films become thinner in
shallower parts of the foam as a result of gravitational drainage, so that the upper films rupture more easily
than the lower ones. Void expansion, thus, propagates upward.

If the films separating voids are thin enough to rupture immediately, the propagation velocity is regulated
by the rupturing velocity of the film v,. The sequence of a film rupture is as follows: first, an aperture appears
on the film, and then the aperture grows so that the film disappears (Figure 4, cross section). We call the
growth rate of the aperture on the film “the rupturing velocity!” The timescale for removing the film by rup-
turing is approximately 2R/v,. When a film ruptures, the void expansion propagates at a length scale of 2R.
Accordingly, the propagation velocity coincides with the rupturing velocity, v, = 2R/(2R/v,) = v,.

To test this hypothesis, we plotted the measured film rupture velocity on an isolated bubble [Kobayashi et al.,
2010] in Figure 3a (black bullets). Details of how the black bullets were calculated are given in Appendix A1.
Both the maximum propagation velocities and the film rupture velocities are located on the black line with
a slope of —0.5. We interpret Figure 3a as showing that the rupturing velocity regulates the maximum prop-
agation velocity of void expansion. However, when the film is thicker than that critical for rupturing, each
void must expand to initiate the rupturing of the film. In this case, the propagation velocity is regulated by
the summation of the times for expansion and the film rupture, which explains why the measured propaga-
tion velocities for each experiment extend beneath the black line. The scattering of the measured velocity
beneath the black line suggests variation in the film thickness.

The blue dotted line in Figure 3a shows the possible ascent velocity of voids by buoyancy estimated using
the Stokes velocity

_ ApgR?
=3
where we assume typical values for the experiment Ap = (1 — ¢)p ~ 140 kg m= is the density differ-
ence between the foam and gas, ¢ = 0.9 is the volume fraction of gas in the foam, p is the density of the

, M

st
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bubble-free liquid, and R = 10 mm is the void radius. The measured propagation velocities of voids are
much faster than the Stokes velocity, indicating that the buoyancy-driven bubble ascent cannot explain the
upward propagation of void expansion. Note that, in equation (1), we used the viscosity # of bubble-free
syrup instead of the viscosity of foam. The viscosity of foam may differ from that of a bubble-free liquid, but
it is difficult to measure.

3.2.2. Slope of —0.5

Next, we consider the origin of the slope of —0.5 observed in Figure 3a and the effect of the gas exchange
between two coalescing voids on the propagation velocity.

The rupturing velocity of the film is estimated in two ways. When the inertia effect dominates, the rupturing
velocity is controlled by the balance between the capillary and inertial forces [Culick, 1960]

v=1/2, @)
ep

where y is the surface tension and e is the film thickness. When the viscous effect dominates, the rupturing
velocity is determined by the balance between viscous dissipation and the loss of surface energy [Debregeas
etal., 1998]:
r
v=L1, 3)
ne

where r is the aperture radius.

Using two dimensionless parameters, we infer that the viscous effect dominates the film rupture in our
experiments: i.e, Re = pv,e/n < 1and Oh = n/\/m > 1 [Brenner and Gueyffier, 1999]. The former
equation defines the Reynolds number which compares inertia and viscous forces. The latter equation
defines the Ohnesorge number, which compares viscous forces to inertia and capillary forces [e.g.,
McKinley and Renardy, 2011]. Even when rupturing occurs in a viscous regime, the rupturing velocity
accelerates following equation (3) until it reaches a maximum estimated by equation (2).

In Figure 3a, the maximum propagation velocity is shown to depend on the viscosity with a slope of —0.5.
Neither rupturing velocities, equation (2) nor equation (3), show dependence on 17%°. We infer that the vis-
cosity dependence v, « #7°° appears because film thickness depends on viscosity. Indeed, experimentally
estimated film thickness depends on liquid viscosity, e o« #7°%?, as shown in Figure 3b and discussed in
Appendix A2.

Next, we consider the timescale to theoretically calculate film rupture velocity usinge o« %7 to com-
pare with experimental results. This is because, substituting equation (A1) into equation (3), we obtain

v, = yr,/(ne) - exp{yt/(ne)}, which is time (aperture radius) dependent. In Kobayashi et al. [2010], stopping
of the aperture growth and the subsequent deflation of the bubble film are observed, suggesting that when
pressure inside the bubble is reduced by releasing gas from the aperture, the bubble film loses tensional
force, and then the aperture growth stops. Accordingly, we estimated the timescale required for the release
of gas from a growing aperture and calculated the averaged rupture velocity within this timescale.

The reduction of overpressure by gas flow within the bubble during the film rupture is written as [Kobayashi

etal., 2010]:
P.r?
alo ne 2y
= — - = 4
p pOeXp[pgcg(4/3)R3 % { eXp(neT> }] (4)

where P, /p, = 10°/1.2 (Pa/(kg m~)) is a ratio between the surrounding pressure and the gas density,
¢, = 343 m s is the sound velocity of air at 20 oC, and r, is the initial aperture radius on a rupturing film.

From equation (4), we calculated the timescale 7 until the overpressure inside the void was reduced to
p/p, = exp(—1) using experimentally obtained e and r, as written in Appendix A2, and we plotted it
with a blue line in Figure 3c. Substituting the timescale 7 into equation (A1), we obtained the final radius
of the aperture r, and plotted it in Figure 3c (green line). The ratio of r,/z becomes an averaged film
rupture velocity.

We plotted r, /7 in Figure 3a (red dotted line), which explains the slope of the black line for the propagation
velocity. Again, we interpreted Figure 3a as showing that the rupturing velocity regulates the maximum
propagation velocity of void expansion.
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Figure 5. Details of outgassing observed in the experiment of Run 1. (a) Foam expansion following decompression. The red curve
shows the time-dependent foam volume as measured by visual observation V. The blue and green curves, respectively, show the pres-
sure change inside and outside the foam, as measured by the bottom and top pressure transducers shown in Figure 1. The light blue
curve is the fourth-order polynomial approximation of the red curve. (b) The red curve is the gas volume inside the observed foam

Vyn = Vi, — V.. The pink curve is the volume change of the gas initially located inside the foam, V; and is calculated using equation
(5). The difference between curves V, and V, becomes the accumulated outgassed volume. The blue curve is the calculated volume
fraction of the gas inside the foam, ¢ =V /V, . (c) The red curve shows the enhanced fluctuation of the measured foam volume, V, ,
calculated from the difference between the red and light blue curves in Figure 5a. The blue curve shows the difference in pressure inside
and outside the foam calculated from P, — P, in Figure 5a. (d) The red curve shows the decompression rate calculated using P,. The blue
curve shows the apparent permeability as calculated using equation (6). In Figures 5a-5d, the colors of the curves correspond to those
of their reference axes.

3.2.3. Gas Exchange

When two vertically contacting voids coalesce, the upper void may be pressurized. This is because the
pressure inside the lower void is higher than that of upper one, assuming the foam pressure is static. The
pressurized upper void can expand to rupture the surrounding film. This pressurization is another possible
mechanism for propagating film ruptures.

However, we consider that the pressurization is not a relevant mechanism in our experiment. This is because
the pressure difference between two coalescing voids is estimated to be several tens of pascals from the
measured pressure gradient in the foam. This pressure perturbation is approximately 1% of the background
pressure and is not enough to deform voids significantly.

In addition, the release of gas to the upper void is faster than the measured propagation velocity. The
timescale for pressure change with the release of gas is represented by Figure 3c (blue line). If this pres-
sure change ruptures the next film, that velocity is calculated by R/z and is plotted in Figure 3a (green line),
which is much faster than the measured black line.

Thus, we conclude that the pressure changes within voids associated with coalescing occur immedi-
ately; then the coalescing voids change their shapes at a rupture velocity, and then the film rupture
propagates upward.

4, Outgassing

4.1. Experimentally Measured Outgassed Volume

Visual observations showed the propagation of film ruptures, which can induce outgassing. In this section,
we quantitatively estimate the outgassed volume.

The details of time-dependent outgassing are shown in Figure 5. We measured the time-dependent foam
volume V, from visual observations (Figure 5a, red curve). Foam expansion correlates with pressure change,
as denoted in Figure 5a (blue, green, and red curves). From the observed foam volume V;, and the constant
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volume of syrup V,, we obtained the gas volume inside the foam V, =V, —V,, as denoted by the red curve
in Figure 5b. The time-dependent volumetric gas fraction in the foam was calculated by ¢ =V, /V; and s
denoted by Figure 5b (blue curve).

The volume change of the gas initially confined within the foam, V,, is calculated and denoted in Figure 5b
(pink curve) and given by
V.=V i (5
i— Yio P1 ’
where V, is the volume of gas confined in the foam at atmospheric pressure P,. Equation (5) assumes that

the foam expands under isothermal conditions, which explains the volume change of slowly expanding
foam without outgassing [Namiki and Manga, 2006].

Given that syrup at room temperature does not evaporate, the difference between the pink and red curves
in Figure 5b (V; — V) indicates the accumulated outgassed volume at a given pressure. This is a minimum
estimate of outgassed volume for the following reasons. (1) As we mentioned in the experimental meth-
ods section, we use a two-dimensional image of the foam to calculate the foam volume, assuming that the
depth of the foam is equal to that of the tank. In reality, the foam depth is less than that of the tank at the top
of the foam, so that the measured outgassed volume becomes a maximum estimate. (2) We neglected the
effect of the chemical reaction inside the foam, which supplies newly generated gas inside the foam. (3) We
used the pressure P, at the bottom of the foam to calculate V.. The pressure in the foam close to the surface
must be lower than P,. The actual volume outgassed through the surface of the foam at the given pressure is
larger than the calculated value V; -V, in Figure 5b. Thus, outgassing is confirmed in a quantitative analysis,
as well as by visual observation (Figure 2).

In Table 1, we have listed the volumetric gas fraction, ¢, when outgassing begins. The critical ¢ initiat-
ing outgassing shows clear viscosity dependence; i.e., a foam with a viscous liquid begins outgassing at
a lower ¢.

Outgassing occurs intermittently from the large interconnecting voids, which can be observed in the fluctu-
ations of the foam volume, V; . Figure 5c (red curve) shows the short-term fluctuation of the foam volume,
subtracting the fourth-order polynomial approximation, shown in Figure 5a (thick light blue curve), from
Figure 5a (red curve). The fluctuation of the foam volume correlates with the pressure difference inside and
outside of the foam, P, — P,, as shown by Figure 5c (blue curve). Initially, at 50-90 s, high-frequency com-
ponents of approximately 0.1 Hz are dominant in both, while low-frequency components of approximately
0.04 Hz appear later at 150-200 s. The correlation between the foam volume and the pressure difference
indicates that vents for outgassing appear intermittently at the top of the foam. When there are no vents,
the foam expands; however, part of the expansion is hindered by viscosity, so the pressure inside the foam
increases. Once a vent opens, outgassing occurs, which decreases both the foam volume and the pressure
inside the foam. The low-frequency components in Figure 5c indicate that the occurrence of outgassing
becomes infrequent as time elapses at a slow decompression rate.

Although outgassing in our experiments occurred intermittently, calculating the apparent permeability is
helpful for comparing our results with the previously measured permeability for natural samples. We can
calculate the apparent permeability, k, assuming Darcy’s law,

P, —P
v, =XKL (6)
”g me/S
wheren, = 1.8 x 107° Pa s is the viscosity of air and S is the cross section of the foam. Here we

assumed that the pressure outside the foam is a uniform P, so that the pressure gradient becomes

dP/dl = (P, — P,)/(V;,/S). We calculated the outgassing velocity v_,, by
1 Vym dP, dng
= = _ = . 7
Yo =% ( P, dr  dt 7)

On the right-hand side of equation (7), the first term indicates the possible change in the volume of gas
inside the foam associated with decompression under constant temperature; the second term shows the
measured change in the volume of gas inside the foam. The difference between these two terms becomes
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Figure 6. Summary of the characteristics of outgassing. (a) Each sequence of symbols indicates the time evolution of the outgassing
rate, v, /I, defined by equation (9) as a function of the expansion rate, equation (8). Different symbols indicate the different experiments
(Table 1). Symbols become smaller as time elapsed. Colors of symbols indicate viscosity: red, green, and blue are 10, 920, and 4300 Pa s,
respectively. In the experiment denoted by plus sign, the bubble size in the foam is larger than that in other experiments. (b) Time
evolution of the vertical pressure gradient within the foam as calculated by (P, — P,)/(V,./S) as a function of the expansion rate. (c)
Time evolution of apparent permeability as defined by equation (6) as a function of the expansion rate. (d) Time evolution of apparent
permeability as a function of the gas volume fraction in the foam. In Figures 6a-6d, we plotted the average values for 2 s when both the
vertical pressure difference and the decompression rate were sufficiently large, P, — P, > 250 Pa and dp/dt > 250 Pa s™', respectively.

the outgassed volume. In the actual data, both the pressure gradient and the outgassing velocity have

short-time temporal variations. Thus, we used a low-pass filter of 20 s for dP/d/ and v,, to calculate the
apparent permeability.

We did not account for the effect of inertia on permeability [Rust and Cashman, 2004] because the esti-
mated Reynolds number is Re<1, where Re=p v, R/n,. Here, p, ~ 107" kg m~ is the gas density at 10* Pa,
v~ 1072 ms7! is the outgassing velocity, R < 107> m is the void radius, and ,~ 10~° Pa s is the gas viscosity.

Figure 5d (blue curve) shows the apparent permeability calculated by equation (6) as a function of time. The
peaks of the envelopes in the calculated values are roughly 10="" — 107'° m2, The apparent permeability
shows significant fluctuations that correlate with the decompression rate, —dP, /dt, as shown by Figure 5d
(red curve). When the decompression rate increases, the apparent permeability also increases.

4.2, Parameter Dependence of Outgassing
Figure 6 summarizes the observed outgassing characteristics. Outgassing must be related to the increased
volume of gas inside the foam that is associated with decompression. Thus, we plotted Figures 6a—6¢ as a

function of the volumetric foam expansion rate, which is calculated by the pressure change measured inside
the foam [Namiki and Manga, 2006]

-2 ®)
Equation (8) indicates the possible expansion of gas inside the foam under the constant temperature
associated with externally imposed pressure change.

The outgassing velocity defined in equation (7) is the most fundamental measurement for evaluating
outgassing. Dividing equation (7) by the foam height, we obtain
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In the right-hand side of equation (9), the first term is the expansion rate as defined in equation (8), and the
second term indicates the measured expansion of the gas remaining inside the foam.

Figure 6a plots the outgassing rate, v,, /I, as a function of the expansion rate and shows that the outgassing
rate basically becomes larger with the expansion rate. In Figure 6a, some symbols are located on the black
line. On the black line with slope 1, v,, /I is consistent with the expansion rate, indicating that the foam does
not expand; i.e., all of the increased volume of gas by decompression outgases. At this stage, there were no
further expansions of the foam, irrespective of decompression. In most cases, smaller symbols are plotted on
the black line and larger symbols are plotted beneath the black line. Here, the size of the symbol becomes
smaller as more time elapsed. This result suggests that foams expand at an early stage of decompression,
and outgassing becomes dominant with the passage of time. There are two possible explanations for this
time evolution: (1) Bubbles expand to make films thinner, which enables the propagation of film ruptures
and (2) with the resultant film ruptures, several pathways for outgassing are generated.

Figure 6b shows that the vertical pressure gradient increases with the expansion rate and the vertical pres-
sure gradient is larger for more viscous liquids. This is because, for a rapid decompression with a viscous
liquid, each bubble does not expand rapidly, so the pressure inside the foam remains at higher pressure
than that outside the foam.

Apparent permeability, k, in equation (6) is a ratio of the outgassing velocity and the vertical pressure gra-
dient; both have expansion rate dependence, with the result that apparent permeability does not show the
expansion rate dependence, as shown in Figure 6c. Except for Run 7, denoted by plus, apparent permeabil-
ity increases with the gas fraction, as shown in Figure 6d. This may be because, for larger ¢, the number of
sufficiently thin films to initiate the propagation of film ruptures increases.

The apparent permeability of Run 7 varies in a wide range at an almost constant gas fraction, ¢ ~ 0.6, sug-
gesting an importance of hysteresis. In Run 7, we waited for 1 day after making the foam before starting the
experiment in order to increase the bubble size. During this waiting time, a hard surface of syrup formed

at the top of the foam by the evaporation of water. When the pathway generated by film ruptures in asso-
ciation with decompression, the pathway can remain in the same place longer. If pathways appear at the
beginning of the decompression, in which the expansion rate is high and persists for a long time because
of its high viscosity, the permeability also remains high even after the expansion rate becomes low. This
hypothesis is consistent with the fact shown in Figure 6b. The vertical pressure gradient becomes low with
elapsed time irrespective of high-viscosity and high-expansion rate, suggesting that the pathways continue
to release gas inside the foam to reduce the overpressure. The large initial bubble sizes in Run 7 also can
make the apparent permeability high. Permeability usually increases with the square of the bubble size.
Given that highly permeable pathways exist in the foam, Run 7 shown by pluses overlaps with the black line
in Figure 6a, in which the foam does not expand in association with decompression.

4.2.1. Interpretation of Measured Apparent Permeability

The calculated apparent permeabilities for our experiments are less than <1072 m2. Using the
Kozeny-Carman equation k = D?/180 - ¢* /(1 — ¢»)* with assumptions of D = 10™* m and ¢ = 0.9, the perme-
ability is estimated as k > 10~° m2. The apparent permeabilities measured in our experiments are lower than
those estimated with the Kozeny-Carman equation with smaller bubble sizes than those in our experiments.
Here, in the Kozeny-Carman equation, it is assumed that an interconnected structure exists stably. In con-
trast, the interconnected structure exists only occasionally in our experiments. The apparent permeability
measured in our experiments suggests that the liquid film separating each bubble prevents outgassing.

On the other hand, the maximum apparent permeability in these experiments can exceed the measured
permeability of natural samples (< 107" m?). Here, the natural samples are solid magma so that the pathway
for outgassing can exist stably. In contrast, our syrup is liquid, and the pathway for outgassing intermit-
tently opens and closes. This is contrary to intuition, which would suggest that the permeability for natural
samples with stable pathways would be higher than that for liquid foam with temporal pathways. We are
aware of the large width of the pathway temporarily generated in the syrup foam, which can increase per-
meability because the permeability usually depends on the square of the pathway radius. Given that the
temporal pathway closes after outgassing, we do not observe large pathways in the natural samples, and
the measured permeability becomes lower. Thus, we conclude that should the propagation of film ruptures
observed in our experiment occur in a real volcanic conduit, outgassing could become more efficient than
has been previously estimated.
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Figure 7. Estimates of conditions within a conduit, in which our experimental results are applicable. (a) Pressure-dependent solubility
of water [Shishkina et al., 2010]. Colors indicate the initial volatile content in the melt; blue and green curves are for 1.9 and 5 wt % of
H,0, and pink and red curves are for 0.5 and 1 wt % for CO,, respectively. We use the same colors for the curves in Figures 7b and 7c.
(b) Volumetric gas fraction, ¢, as a function of pressure for the closed system. Dotted lines indicate ¢ = 0.29, above which bubbles
may start to be in contact with one another, and ¢p = 0.9, the maximum gas fraction in our experiments. (c) The pressure ranges of
¢ = 0.29,0.64, and 0.9 as functions of the initial volatile fraction. (d) Expansion rates for magma with an initial volatile content of
1.9 wt % of H,0 and 1 wt % of CO, as estimated by equation (8); colors indicate volatile species, and different curve widths show the
decompression rates of 10%,10%, and 10° Pa s™'. Above the expansion rate of > 107 s™', shown by a dotted line, we experimentally
confirmed efficient outgassing (Figure 6a). In Figures 7a-7d, the right-hand axes indicate the scaled depths for bubble-free magma
calculated by depth = P/pg. These are minimum estimates. In reality, the depth for a certain pressure that is estimated by depth =
P/p(1 — ¢h)g can become greater because of the existence of bubbles. Figures 7a-7b and 7c-7d share y axes, respectively.

5. Implications for Natural Systems

Our analogue experiments show that the propagation of film ruptures is faster than the ascent of large bub-
bles. The apparent permeabilities measured in our experiments are higher than those of natural pumices
and scoriae. Thus, we infer that the upward propagation of film ruptures is an important mechanism for
transporting volcanic gas rapidly to the atmosphere. Here we specify the possible conditions in a real
volcanic conduit in which our experimental results are applicable.

In our experiments, outgassing by the propagation of film ruptures occurs efficiently when the gas fraction
in the foam is high (Figure 6d). We experimentally confirmed that the outgassing associated with film rup-
tures occurs at ¢ > 0.7, but we did not constrain the lower limit of ¢ for film ruptures. We infer that the
propagation of film ruptures occurs if the bubbles are in contact, making a thin film. There are roughly two
models for describing this condition. One is the percolation threshold for randomly distributed bubbles,
which is estimated to be ¢p ~ 0.29 by numerical simulation [Garboczi et al., 1995]. The other is random close
packing of bubbles. Randomly distributed bubbles may be able to float and to be closely packed, where the
bubble fractionis ¢ ~ 0.64 [e.g., Torquato et al., 2000; Song et al., 2008]. We next calculate the possible ¢
distribution within a conduit.

To estimate the bubble distribution in a conduit, we use a solubility curve [e.g., Dixon, 1997; Newman and
Lowenstern, 2002; Papale et al., 2006; Shishkina et al., 2010]. Figure 7a shows vertical profiles of dissolved
volatile content in a conduit with several initial values calculated after Shishkina et al. [2010]. We plot 0.5 and
1 wt % for CO, and 1.9 and 4 wt % for H,O. These are typical values for volatile contents [Wallace, 2005]. The
initial volatile content of magma from the 2000 eruption of Miyakejima Volcano is estimated as 1.6-1.9 wt %
of H,0 and 0.08-0.1 wt % of CO, [Saito et al., 2005].
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The bubble fraction is determined by the amount of exsolved volatiles depending on the solubility and
initial content of volatiles in the melts. We do not consider the relative velocity between bubbles and

the surrounding melt, since this process is too complex to estimate the resulting profiles [e.g., Vergniolle
and Jaupart, 1990; Phillips and Woods, 2001]. For simplicity, we assume here that the bubble fraction is
determined by an exsolution sorely of H,0 or CO,. Assuming that all of the exsolved volatiles form bub-
bles without outgassing, we can calculate the bubble fraction as a function of the exsolved mass fraction of
volatiles n,

1
(1—1)"—9+1,
n 4

where p ~ 2700 kg m~* is the density of the melt and p is the density of H,O or CO, gas. Here, we calculate
the density of the gas by p, = P/(R,T), where R is the specific gas constant, and we assume the temperature
of T = 1000°C.

¢ = (10)

Figure 7b plots the calculated vertical profiles of the bubble fraction and shows that the bubble fraction
becomes larger at a shallower depth. At a deeper part, because of its low solubility, more CO, bubbles exist
than those of H,0. In contrast, at a shallower depth, more H,O bubbles exist because of the higher initial
water content.

Figure 7c shows that the percolation threshold for randomly distributed bubbles, ¢ > 0.29, appears at sev-
eral 10 MPa that correspond to a depth of < 1 km for magma with an initial water content of 2 wt %. The
bubble fraction at random close-packing ¢ > 0.64 is achieved only in the low-pressure region of < 30 MPa,
even with a large initial water content of 5 wt %, which corresponds to a depth of 1 km for bubble-free
magma. The bubble fraction ¢ ~ 0.9 is approximately the maximum observed in our experiments, in which
the propagation of film ruptures occurs frequently. In Figure 7c, the region with a high bubble fraction

¢ > 0.9 s further limited at a very shallow depth (< 7 MPa).

In Figure 7d, we compare the possible expansion rate in a volcanic conduit with that of our experiments.
Here we calculated the expansion rate by equation (8), using the bubble fraction obtained in Figure 7b. Our
experiments were conducted in the range of expansion rate of > 10 s™' (Figure 6a), as shown by Figure 7d
(dotted lines), in which outgassing associated with film ruptures was observed.

For a volcanic conduit, we calculate the expansion rate with decompression rates of 103, 104, and 10° Pas™',
which approximately correspond to the ascent velocities of bubbly magma, 4 X 1072,4 x 107",and4 m s,
respectively. There is a pressure gradient in a volcanic conduit such that the expansion rate is determined
by the ascent velocity of bubbly magma. This is different from our experiments, which are decompressed
by a vacuum pump. We assume the initial volatile content of 1.9 wt % for H,0 and 1 wt % for CO,. Figure 7d
shows that, when magmas ascend rapidly, the propagation of film ruptures frequently occurs at a shallow
region of < 5 MPa to make the bubble fractions in magmas their maximum.

The occurrence of outgassing is sometimes discussed by comparing the magma ascent velocity with out-
gassing velocity. The observed outgassing velocity in our experiments are less than 0.1 m s and can be
lower than the assumed ascent velocity of magmas in Figure 7d. Here, we consider that the outgassing
velocity should be a relative velocity to the magma ascent and outgassing can occur irrespective of the
magma ascent velocity.

Geochemical observations have revealed that the segregation of volcanic gas from the surrounding magma
occurs at a very shallow region without eruption, suggesting that magma that is losing bubbles becomes
heavier and descends back to the depths, which is known as magma convection in a conduit [Shinohara,
2008]. However, the mechanism for segregating bubbles from the melt has been unknown. The upward
propagation of film ruptures can segregate the gas inside bubbles from the surrounding melt to send the
dense melt back to the depths, which becomes a driving force for maintaining convection in a conduit.

Another important aspect of our experiments is that the propagation of film rupturing causes intermittent
outgassing from the pathway. Except for Run 7, our experiments show that the outlet of the pathway closes
after an instance of outgassing. In addition, the fluctuation of pressure data is correlated with the change
in foam volume in Figure 5c. These results suggest that the pathway made by the film rupturing closes in a
relatively short time, so that outgassing becomes intermittent. This view is quite different from the contin-
uous permeable gas flow that has been widely assumed. When the viscosity of magma is large enough, the
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timescale until the outlet is closing may increase so that the outgassing could become more continuous, as
observed in Run 7. If the pathway made by the propagation of film rupturing continues at a depth of several
kilometers, such a pathway may be able to rapidly transport gas from the depths, causing an explosive gas
emission [Burton et al., 2007; Aiuppa et al., 2010].

6. Conclusion

We conducted a series of slow decompression experiments using syrup foam as a magma analogue. The
experiments showed the upward propagation of void expansions and intermittent outgassing. The upward
propagation of void expansion velocity is regulated by the film-rupturing velocity, suggesting that the
propagation of film ruptures originates outgassing. Outgassing by the propagation of film ruptures occurs
efficiently when the bubble fraction is large, ¢ > 0.7.

In a real volcanic conduit, the bubble fraction becomes high at the top of the magma column. It has been
suggested that volcanic gas separates from the surrounding magma at the top of the magma column, which
is known as the magma column convection model [Shinohara, 2008]. The propagation of film ruptures
observed in our experiments appears to be the mechanism for separating volcanic gasses from the sur-
rounding magma at the top of the magma column. The depleted magma in volatile components becomes
heavier than the newly ascending magma and so descends to support convection within the conduit.

Appendix A: Rupture of a Liquid Film Surrounding an Isolated Bubble

A1. Film Rupture Velocity

Kobayashi et al. [2010] observed the growth of an aperture on an isolated bubble film made of aqueous
syrup with various volumes of bubbles surrounded by various liquid viscosities. In order to understand film
ruptures within a syrup foam shown in Figure 3, we reference the results of Kobayashi et al. [2010].

Figure A1 shows their original data: time-dependent aperture growth on a bubble film. The color indicates
the difference in syrup viscosity. For larger liquid viscosities, apertures grow slowly.

The aperture growth first accelerates, then decelerates, and finally stops at a certain radius. In these experi-
ments, the bubble deflates after the aperture growth halts, suggesting that when the gas inside the bubble
escapes to the outside of the bubble through the aperture, the bubble film loses tensional force so that
aperture growth stops. The deceleration of aperture growth does not represent the physics of film rup-
turing. Thus, we calculated slopes of the aperture growth as shown in Figure A1 until the aperture growth
velocity was at its maximum and plotted it as the film rupture velocity in Figure 3a. In Figure 3a, each black
bullet shows the averaged velocity among experiments with the same bubble volumes and same liquid vis-
cosities. The error bar indicates the minimum and maximum velocity among experiments with the same
liquid viscosities.

A2. Thickness of a Bubble Film

In order to calculate the film rupture velocity, we need to know the bubble film thickness. In Figures 3a
and 3b, we used the estimated bubble film thickness of Kobayashi et al. [2010]. Integrating equation (3), we
obtained the aperture radius on a rupturing film as a function of time t,

r(t) = r, exp <Lt) . (A1)
ne

By fitting the measured aperture growth as shown in Figure A1 with equation (A1) until each slope becomes
maximum, we obtained the film thickness, e, and initial aperture radius, r,, simultaneously, and plot the
thickness in Figure 3b. Each black bullet indicates the averaged film thickness among experiments with the
same liquid viscosity, and the error bar shows the minimum and maximum film thickness. Using four bullets
n > 5Pas, weobtaine = 3 x 107°47°%, plotted in Figure 3b (red line). For a less viscous liquid film, the
rupture velocity follows equation (2), and its film thickness cannot be estimated by this method. We thus use
experiments with large liquid viscosities.

Similarly, we obtained r, = 3 x 107*47°%, which is approximately constant of 3 x 10™* m. In Kobayashi et al.
[2010], the value of r, represents the time and space resolution of the high-speed camera rather than
the physically determined initial size of the apertures.
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In Figure 3b, the estimated film thickness
is larger than 1 um and becomes thin-
ner for a more viscous liquid with a slope
of —0.6. In contrast, Nguyen et al. [2013]
compiles measured film thicknesses just
prior to spontaneous ruptures and shows
that those thicknesses are on the order of
0.1-1 pm without viscosity dependence,
as shown by Figure 3b (blue-dotted rect-
angle). This discrepancy may arise from
the nonuniform thicknesses of the bub-
0 0.005 0_61 0.015 blefilms. An aperture on a film appears at
Time (s) the thinnest region of the film as an initi-

ation of a spontaneous rupture, while the
Figure A1. Time evolution of aperture radii on isolated bubbles. Colors of
. ) o growth rate of an aperture depends on the
green, yellow, red, purple, and blue indicate differences in liquid viscosity, 1.9, . )
7.8, 37, 68, and 120, respectively. Modified from Kobayashi et al. [2010]. film thickness surrounding the aperture.

Kobayashi et al. [2010] estimate the film
thickness surrounding apertures using the growth rate, with the result that their estimate becomes thicker
than the critical thickness for rupturing. Here, Figure A1, shows that an aperture on a less viscous liquid film
can grow larger. At a greater aperture radius, the film thickness must become thicker. We infer that the vis-
cosity dependence of estimated film thickness shown in Figure 3b is originated from the difference of final
aperture radius.
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