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Abstract The 1999 basaltic eruption of Shishaldin vol-
cano (Alaska, USA) included both Strombolian and Sub-
plinian activity, as well as a “pre-Subplinian” phase inter-
preted as the local coalescence within a long foam in the
conduit. Although few visual observations were made of
the eruption, a great deal of information regarding gas ve-
locity, gas flux at the vent and plume height may be inferred
by using acoustic recordings of the eruption. By relating
acoustic power to gas velocity, a time series of gas velocity
is calculated for the Subplinian and pre-Subplinian phases.
These time series show trends in gas velocity that are inter-
preted as plumes or, for those signals lasting only a short
time, thermals. The Subplinian phase is shown to be com-
posed of a thermal followed by five plumes with a total
expelled gas volume of ~ 1.5 x 107 m>.

The initiation of the Subplinian activity is probably
related to the arrival of a large overpressurised bubble
close to the top of the magma column. A gradual increase
in low-frequency (0.01-0.5 Hz) signal prior to this “trigger
bubble” may be due to the rise of the bubble in the conduit.
This delay corresponds to a reservoir located at ~3.9 km
below the surface, in good agreement with studies on other
volcanoes.

The presence of two thermal phases is also identified in
the middle of the pre-Subplinian phase with a total gas
release of ~4.3 x 10° m? and ~3.6 x 10% m>. Gas veloc-
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ity at the vent is found to be ~82m.s~! and ~90m.s!

for the Subplinian plumes and the pre-Subplinian thermals
respectively.

The agreement is very good between estimates of the gas
flux from modelling the plume height and those obtained
from acoustic measurements, leading to a new method by
which eruption physical parameters may be quantified. Fur-
thermore, direct measurements of gas velocity can be used
for better estimates of the SO, flux released during the
eruption.

Keywords Eruption dynamics - Basaltic plume - Basaltic
thermal - Acoustic measurements - Shishaldin volcano -
Alaska - Subduction zone

Introduction

Explosive volcanic eruptions, those that produce ash
plumes rather than lava flows, may be instigated by a num-
ber of processes. One possibility is that gaseous magma
rises beneath a caprock, and it is the pressure release caused
by caprock failure that generated an intense episode of bub-
ble nucleation and growth (e.g. Sparks et al. 1997; Mader
1998). Alternatively, ash columns may be generated due
to the interaction of magma with groundwater. Finally, ex-
plosive eruptions columns may result from the large gas
content of the magma itself. In silicic magmas, the water
content may be between 3 and 5 wt% (Sparks et al. 1997;
Mader 1998). Less silicic magma can sometimes produce
small scale plumes, as during Vulcanian explosions but the
formation of a large purely magmatic plume is very rare for
basalts, due to the relatively low water content (less than
1 wt%) (Zhang et al. 1997). However low-MgO high-Al, O3
basalts, which are common in subduction zones, have been
found to be rich in water, up to 4 to 6 wt% (Sisson and Grove
1993; Johnson et al. 1994; Wallace and Anderson 2000). At
Shishaldin, fluid inclusions show that the pre-eruptive H,O
content of this magma is low (<1.5 wt%) (Stelling et al.
2002). While chemical measurements of melt inclusions
represents local conditions prevailing at the phenocrysts
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formation, the initial volatile content can be very underes-
timated if degassing has occurred (Wallace 2005). This is
indeed the case at Shishaldin, where degassing was reported
as significant prior to the eruption (Stelling et al. 2002).

Although some of the physical processes of plume
formation have been constrained by laboratory experi-
ments (Phillips et al. 1995; Mader et al. 1996; Zhang
et al. 1997) or by numerical modelling (Alidibirov 1994;
Massol and Jaupart 1999), several important unknowns
remain. A crucial means of studying eruption columns
and the mechanisms that promote their growth is through
geophysical measurements. However, few such data exist
due to both the rarity of large plumes and the difficulty of
instrumenting explosive eruptions.

A major parameter to be studied in volcanic plumes is
the velocity of ejecta at the vent. Ballistics studies have
been used in the past to constrain velocities at volcanic
vents (Chouet et al. 1974; McGetchin et al. 1974; Ripepe
et al. 1993) and radar measurements (Weill et al. 1992;
Hort and Seyfried 1998; Dubosclard et al. 1999, 2004; Hort
et al. 2003) have been a recent major improvement. This
reliable technique may, however, be difficult to implement
as equipment is both heavy and energy consuming.

In the last ten years, acoustic measurements have been
performed on a number of active volcanoes. The first group
of studies associates the sound radiated during eruptions
to resonance of magma in the conduit and includes the
propagation of sound waves in the magma and atmosphere
(Buckingham and Garcés 1996; Garcés and McNutt 1997;
Hagerty et al. 2000). The second class of studies relates the
source of sound to eruption dynamics, such as a sudden un-
corking of the volcano (Johnson et al. 1998; Johnson and
Lees 2000), local coalescence within a foam (Vergniolle
and Caplan-Auerbach 2004) and Strombolian bubble vibra-
tion (Vergniolle and Brandeis 1994, 1996; Vergniolle et al.
1996, 2004). In the last case, gas velocity and bubble ra-
dius, length and overpressure have been estimated at Strom-
boli (Italy) (Vergniolle and Brandeis 1996; Vergniolle et al.
1996) and Shishaldin (Vergniolle et al. 2004) volcanoes.

Microbarograph networks have also been used to detect
eruptions at large distances (LePichon et al. 2005) and to
estimate vent pressure for large eruptions (Morrissey and
Chouet 1997a, b). These studies indicate that vent pressure
ranges over two orders of magnitude, from ~0.2 MPa
during Strombolian explosions at Sakurajima (Japan) to the
largest eruptions, 7.5 MPa at Mount St. Helens (USA),
and >5 MPa at Pinatubo (Philippines) (Morrissey and
Chouet 1997b). In contrast to Mount St. Helens, activity
at Pinatubo built up gradually with smaller explosions and
continuous gas emission before leading to the climatic
eruption (Kanamori and Mori 1992; Hoblitt et al. 1996).

Very little is known about basaltic Subplinian activity,
which has only been recognised at a few volcanoes, includ-
ing Etna (Coltelli et al. 1995, 2000; Houghton et al. 2004),
Masaya (Nicaragua), (Williams 1983) and Shishaldin (Nye
et al. 2002; Caplan-Auerbach and McNutt 2003). Plumes
generated by Vulcanian-type activity are considered ther-
mals if the release of the pyroclast-gas mixture occurs on
a time scale much less than the ascent of the plume, hence

in pratice last less than ten minutes (Sparks et al. 1997).
Although the rise of a thermal in the atmosphere (Fig. 8
in Nye et al. 2002) is similar in some ways to a Vulcanian
explosion, a thermal is not initiated by a large overpressure.
Because pressure and gas velocity are the key variables to
model the flow of magma and gas at the vent, measuring
these is the first step in improving our understanding of
physical processes. Furthermore direct measurements of
gas velocity can be used to convert the amount of SO,
measured by COSPEC into a more accurate flux of SO,
as the plume speed is the greatest source of error in most
COSPEC measurements (Andres and Rose 1995).

In this paper, acoustic measurements are used to study
the 1999 basaltic Subplinian eruption of Shishaldin
volcano, Alaska, as well as two small thermals that
occurred during the precursory phase of the eruption.
Because the acoustic signal associated with these plumes
is quite complex, detailed modelling of the source is
difficult. Consequently, we propose a method by which
gas velocity at the vent can be estimated from dimen-
sionless analysis. In two other papers, we show how
acoustic measurements can be interpreted, together with
laboratory experiments, to unravel the physical processes
at work during the pre-Subplinian and Subplinian basaltic
activity of Shishaldin, both in the conduit (Vergniolle and
Caplan-Auerbach, subm.) and in the reservoir (Vergniolle,
subm.).

Description of eruptive activity

Shishaldin is among the most active volcanoes in Alaska,
with 240 eruptions in the past 200 years (Nye et al. 2002).
Its historical eruptions are composed of basalt and basaltic
andesite and have typically been brief with formation of ash
plumes (Nye et al. 2002). Although only eleven tephra lay-
ers as large as that of 1999 have been identified in deposits
spanning the past 9000 years (Beget et al. 1998), basaltic
ash plumes are the most characteristic type of Shishaldin
eruptive activity.

Shishaldin is one of five volcanoes comprising Unimak
Island, the easternmost island in the Aleutian arc. Unfor-
tunately, Shishaldin cannot be seen from the nearest pop-
ulation center, False Pass (Fig. 1) due to the presence of
the nearer volcanoes Round Top and Isanotski. As a con-
sequence, visual observations are minimal and the Alaska
Volcano Observatory (AVO) relies heavily on telemetered
seismic data and satellite imagery for volcanic monitoring.
No other data such as deformation or gas emissions, were
collected during the eruption (Nye et al. 2002).

In 1997, a six-station seismic network was installed near
Shishaldin (Fig. 1). Five of the stations are short period
Mark Products L-4C instruments with natural period of
1 sec. Station SSLS is a Mark Products three component
L-22 instrument with 0.5-sec natural period. A Setra 239
pressure sensor is co-located with station SSLN on the
volcano’s north flank at 6.5 km from the vent. Details about
the pressure sensor installation and response are included
in another paper (Vergniolle et al. 2004).
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Fig.1 Map of the Unimak Island and Shishaldin volcano. The black
circles mark the locations of the short-period seismometers operated
by the Alaska Volcano Observatory (AVO). The pressure sensor used
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The 1999 eruption of Shishaldin was preceded by several
months of seismic tremor and weeks of thermal anomalies
in satellite imagery. On April 18, 1999, AVO researchers
performed an overflight of the volcano and acquired
infrared imagery of spattering activity with ejection of lava
approximately several tens of meters above the vent (Nye
et al. 2002). This was the first confirmation of extrusive
activity at Shishaldin. The largest phase of eruptive
activity began at ~19h40 on April 19 based on changes
in the acoustic and seismic records (Caplan-Auerbach
and McNutt 2003). Coincident with this change, satellite
images show the development of an ash plume to heights
above 16 km. The very sharp increase in tremor intensity
on April 7th, correlated with a permanent thermal anomaly
above the summit (Nye et al. 2002; Thompson et al. 2002),
may mark the openning of the summit vent. Furthermore,
the spattering observed 43 hours before the Subplinian
phase (Nye et al. 2002), shows that the vent was open at
least 30 hours before recording the first hum events of the
pre-Subplinian phase.

Data recorded by the pressure sensor on April 19
begin with a prolonged band-limited signal between 2-3
Hz (Caplan-Auerbach and McNutt 2003). Although the
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in this study is co-located with seismic station SSLN. The two nearest
population centers, False Pass and Cold Bay are also labelled

signal appears to be continuous, close examination of the
waveforms shows that it is composed of discrete pulses
of energy, i.e. a close series of hum events (Vergniolle
and Caplan-Auerbach 2004). The transition between the
pre-Subplinian phase and the Subplinian phase is apparent
when the frequency content is displayed with time for both
the acoustic and seismic data (Fig. 2). While the spectrum
of this “humming signal” remained constant during the
~13 hours it was recorded, signal amplitude and signal
occurrence rate increased with time, with the exception
of a brief hiatus thought be associated with two volcanic
thermals, discussed later in this paper. The humming
signal stopped on April 19 at 19h30 UTC, immediately
prior to a major increase in tremor amplitude at 19h35
(Thompson et al. 2002; Caplan-Auerbach and McNutt
2003). The end of the humming signal also coincides with
a signal similar to that produced by a Strombolian bubble
bursting at a magma surface. This signal, referred to as
the “trigger bubble” and described below, is thought to
be responsible for the initiation of the Subplinian phase
(Vergniolle and Caplan-Auerbach 2004). The Subplinian
activity was recorded by the pressure sensor and by the
seismic network as a diffuse, ~47-minute signal with
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Fig. 2 Frequency as a function of time around the Subplinian phase
for a acoustic pressure recorded at 6.5 km and b seismic signal
recorded at 14.8 km from the vent. Spectrograms are calculated
on 1024 points (10.24 s) with 80% overlap. The amplitude, in dB,
corresponds to the Sound Pressure Level SPL for acoustic pressure
and to a relative amplitude for the seismic data. SPL is equal to
20 x log (P./Pf) where P, is the measured effective rms pres-
sure of the sound wave and P, the reference effective rms pres-

sure, 2 x 10~ Pa for airborne sound (Kinsler et al. 1982, Leighton

energy between 0.5-5 Hz. We note that although it takes
~19 seconds for signals to propagate from the vent to the
microphone, in this paper we simply use the arrival time
at the microphone as the event time.

Following the Subplinian phase on April 19, the pres-
sure sensor recorded two periods of signals interpreted as
a series of Strombolian bubble bursts, on April 19-20 and
April 22-23 (Thompson et al. 2002; Caplan-Auerbach and
McNutt 2003). The explosions correspond to a mean bub-
ble radius, length and overpressure, of &5 m, ~12 m and
~0.083 MPa respectively for the first Strombolian phase
and ~5 m, ~24 m and ~0.15 MPa for the second Strom-
bolian phase (Vergniolle et al. 2004). The eruption stopped
at the end of May after the production of several additional
small ash plumes (Fig. 8 in Nye et al. 2002). The interpreta-
tion of the entire eruption chronology, such as the transition
between Subplinian and Strombolian activity is discussed
in another paper (Vergniolle, subm.).

Gas velocity from acoustic power

Because the source of the sound is sometimes difficult to
model, Woulff and McGetchin (1976) have suggested use
of acoustic power to estimate gas velocity during volcanic
eruptions. In this section, we review the different types
of sources and apply this method to the 1999 Shishaldin
eruption.
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1994). The time sequence shows the end of the pre-Subplinian phase
(hum), an overpressurised bubble representing the transition to Sub-
plinian phase (Trigger bubble), the Subplinian phase with I1 (1st
major plume, from 19h40 to 19h55), I2 (1st decompression), I3 (2nd
major plume, from 20h04 to 20h17), 14 (2nd decompression) and
the first Strombolian phase (from 20h26). Note that there are two
gaps of ~10 s, in each spectrogram, which correspond to calibra-
tion pulses, at 21h25 for the pressure sensor and at 20h35 for the
seismometer.

The total acoustic power I1, in Watts, emitted in a half
sphere of radius equal to the distance r between the vents
and the microphone, here 6.5 km, and radiated during a
time interval T, is equal to:

2

T

r

= / |pac - pair|2dl
pairCT 0
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where p,i; = 0.9 kg.m_3 at 2850 m elevation (Batchelor
1967), ¢ = 340m.s~! is the sound speed (Lighthill 1978)
and p,c — pair the acoustic pressure. Acoustic power can
thus be easily estimated from acoustic records. However
the relationship between acoustic power and gas velocity
depends strongly on the source of sound, which can be
a monopole, dipole or quadrupole. A monopole source,
which radiates isotropically, corresponds to a varying mass
flux without external forces or varying stress. For a dipole
source, there is a solid boundary which provides an ex-
ternal force on the flow. For a quadrupole source, there
is a varying momentum flux which acts on the flow. Ex-
plosions, blasts, bubble vibration or balloon bursting are
by nature monopole, while a quadrupole source is classi-
cally provided by turbulence inside the gas jet. A dipole
source is very well adapted to a volcanic gas carrying solid
particles (Woulff and McGetchin 1976). In each case, it
is possible to calculate acoustic power by assuming that



the signal is periodic and monochromatic with a radian
frequency .

Monopole source: a tool for the bubble breaking

The source of volcanic explosions has been shown to
be a monopole (Vergniolle and Brandeis 1994). For a
monopole source, the excess pressure depends on the rate
of mass outflow from the source, ¢ (Lighthill 1978). If
we assume monochromatic oscillations of frequency w,
¢ has the same dimension as wg. The two are strictly
equivalent if oscillations are small. This simplification
gives an order of magnitude approximation for acous-
tic power. Temkin (1981) uses the notation S, for the
volume flux instead of the mass flux g = puS, used
by Lighthill (1978). For a spherical source of radius
Ry,

Sy = 4n REU )
where U is the radial velocity. By assuming small
monochromatic oscillations at frequency w, acoustic power
[T, radiated in an infinite space is:

2¢2
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I, 3)
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For small monochromatic oscillations at frequency w,
the oscillatory velocity U has the same dimension as @Ry,
(Landau and Lifshitz 1987). Using this approximate value
of w in Eq. (3), acoustic power depends mainly on gas
velocity U:

4r th,pairU4
Cc

1_[m = Km (4)

where K, is an empirical constant. K, = 1 represents the
exact solution for a spherical source and K, = 1/16 is the
value to be used for a circular flat orifice (Vergniolle et al.
2004). There is excellent agreement between velocities de-
termined from acoustic power and from bubble breaking
models, for both Strombolian bubbles (Vergniolle et al.
2004) and the pre-Subplinian hum events (Vergniolle and
Caplan-Auerbach 2004).

Dipole source: a tool for volcanic plumes
and thermals

If the source of the sound is due to a steady gas jet con-
taining solid fragments or a gas jet interacting with solid
boundaries, the radiation of sound waves is that of a dipole
(Woulff and McGetchin1976). A dipole is a set of two
monopole sources, oscillating in phase opposition and sep-
arated by a distance /, which is small relative to the source-
receiver distance. If each of the small source produces a
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mass outflow ¢(¢) at time 7, the excess pressure in the far-
field at the distance r is:

o cos(O)lg(t —r/c)
e 4rre

Pac — (5)

where 6 is the angle between the dipole axis and the di-
rection of measurements and ¢ the sound speed (Lighthill
1978). The strength of the dipole G(t) = /g is equivalent
to an external force acting on the flow. Acoustic power I14
radiated by such a source in the entire sphere is:

1?§%(t —r/c)
Mg=— 2. ©)
lznpairc
As before, if we assume small monochromatic oscillations
of frequency w,

§(1) = wq(1) = w?q(t) - (N

For a flat circular source of radius R, the rate of mass

outflow ¢(¢) at time ¢ is:
2

q(t) = parT Ry U - (3)
For small oscillations, the radian frequency w is equal to
the ratio between velocity U and length scale Ry,o,. There-
fore acoustic power I is independent of the exact size
of the monopole radius Ry, which is unknown. It can be

expressed only as the function of the vertical velocity of
the gas jet U as:

. /Oair7'[12U6
4T T

€))

Our formula is similar to the one calculated by Woulff
and McGetchin (1976):

_ KapairAgU®

3

Iy (10)

where A, is the effective area of the dipole and K, an em-
pirical constant. Woulff and McGetchin (1976) use a value
for Kz of 1.3 x 1072, which corresponds to the exact solu-
tion of the highly idealised aeolian tone. By using the area
of the vent for A; (Eq. (10)), the calculated gas velocities
were twice the values, estimated from a video, of the fu-
maroles produced by Acatenango volcano (Guatemala), a
difference considered by Woulff and McGetchin (1976) to
be acceptable. In our calculation, the length of the dipole /
corresponds to the average distance between two solid par-
ticles, and its maximum value for these longitudinal waves
is the diameter of the tube. In that case, our calculation sug-
gests use of a constant K, of at most of 1/3 in Eq. (10) and
less if we use the distance between solid particles in the gas
jet. The volume fraction of solid ejecta is rarely estimated
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properly during eruptions but, unless the plume is very con-
centrated in solid particles, the dominant length scale in Eq.
(9) is the diameter of the tube. Fortunately, the estimation
of gas velocity is only weakly dependant on the empiri-
cal coefficient K,;. Note that using a constant K; = 1/3
and the area of the vent in Eq. (10) reconcilies previous
observations and calculations on the gas velocity from the
fumaroles (Woulff and McGetchin 1976). Therefore in the
rest of the paper, we shall use a constant K; = 1/3 and a
vent area based on a conduit radius of ~6 m (Vergniolle
et al. 2004), to estimate gas velocity (Eq. (10)). We shall
see in the next section how this approach gives very reliable
estimates of gas velocity during the pre-Subplinian and the
Subplinian phases.

Quadrupole source

A high velocity gas flow in which the gas flux does not vary
(no monopole variation) and to which no external forces
are applied by the wall (no dipole radiation) will radiate
noise as a result of turbulence within the gas jet itself. This
is known as aerodynamic noise and it is quadrupole in
nature (Lighthill 1978). Turbulence in the jet stream is the
main component of jet engine noise. Acoustic power for a
quadrupole source is:

quoairT[RgU8

1, =
q o5

(11)
where R, is the conduit radius and K, an empirical con-
stant, estimated between 3 x 107> and 10~* from jet engine
noise (Woulff and McGetchin 1976). Quadrupole radia-
tion is much weaker than dipole radiation, which in turn
is weaker than monopole radiation. Power laws between
acoustic power and velocities, which are calculated by as-
suming small pressure oscillations, break down if the flow
is supersonic.

Description of the Subplinian phase

The Subplinian phase was recorded on both the acoustic
and seismic sensors as a 46-minute signal with frequencies
strongest between 0—5 Hz (Fig. 2). The signal fluctuates
in intensity: in some sections between 19h40 and 20h26,
both acoustic and seismic signals are strong while in other
sections one or both of the signals weakens (Fig. 2). At
20h26, the first Strombolian phase starts, as denoted by the
first explosion signal recorded by the pressure sensor since
the beginning of the Subplinian phase (Fig. 2). However, if
we look in detail at the acoustic record, there are two low
frequency bursts, one close to the trigger bubble at 19h31
and one several minutes later at ~19h34, which are not
evident in the seismic data (Fig. 2). Pilots flying over the
volcano at the time report that the Subplinian plume was
formed by two successive jets, the second one higher than
the first. No precise measurements were performed, but

observations suggest heights of 9 km and 16 km (Stelling
et al. 2002). Here we suggest that the first jet occurs around
the trigger bubble whereas the second one is marked by
strong acoustic and seismic signals and initiates near 19h40.

Gas velocity estimates from acoustic power

Although the acoustic waveform recorded during the Sub-
plinian phase is rather complicated, the use of acous-
tic power allows us to place constraints on gas velocity
(Fig. 3). The sound emitted by a steady gas jet carrying
solid fragments has been shown to be a dipole source.
Using a coefficient of K4 = 1/3, Eq. (10) gives an lower
bound on the gas velocity.

In our calculations we assume that all of the signal
recorded by the pressure sensor has come from Shishaldin
itself and the influence of other signals such as wind is not
considered. There are no meteorological stations near the
pressure sensor, so the wind strength at the time of the erup-
tion is unknown. It is therefore possible that our values for
gas velocity are overestimated due the presence of acoustic
signals resulting from wind. However, seismic data at the
time do not show the broadband signal characteristic of
high winds at the site. Furthermore the sensor was set north
to the volcano, in a location protected from the prevailing
winds, as marked by the ash deposits south of the volcano
(Fig. 2 in Stelling et al. 2002).

We first consider the gas velocity during the Subplinian
phase (Fig. 3). A first look at temporal changes in gas
velocity shows that the Subplinian phase may be divided
into two discrete time periods, from 19h40 to 19h55 and
from 20h10 to 20h17. These two phases were originally
noted by Caplan-Auerbach and McNutt (2003) based on
the spectral content of both the seismic and acoustic data
(Fig. 2). These periods are defined by a rapid increase
in gas velocity followed by a roughly linear decrease in
gas velocity. A good example of constant decrease starts
at ~19h40 mn (Fig. 3) for a duration of ~331 s, corre-
sponding exactly to the start of the strong tremor recorded
at all of the seismic stations (Fig. 2). However, the pe-
riod between the trigger bubble, at ~#19h31, and the strong
tremor, at &~19h40, has a very similar trend in gas veloc-
ity to that of the period after 19h40 (Fig. 3). Furthermore,
acoustic pressure also displays two bursts of low-frequency
energy during that period, which are very similar to those
occurring between 19h40 and 19h55, albeit with a smaller
intensity (Fig. 2). Therefore, we propose that the period
between 19h31 and 19h40 is in fact part of the Subplinian
phase.

In Fig. 3, we recognize six periods of roughly linear
decrease in gas velocity with time, each separated by a
period of roughly constant increase. The decrease in gas
velocity with time has approximately the same slope for the
six periods (Fig. 3), suggesting that the same mechanism
is at work within the conduit (Table 1). The duration of
the gas velocity periods ranges from ~80 s for the first
period to ~309 £ 105 s for the remaining five periods
(Table 1).
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Between each velocity decrease there is a time period
in which velocity increases again (Fig. 3). We propose
that these six periods of velocity decrease correspond
to the emission of six “plumes,” in which the motion
of the magmatic mixture is upwards (Fig. 3) and that
the Subplinian activity is actually the result of these six

Table 1 Estimates for the trigger thermal (0) and the five “plumes”
(1 to 5) observed during the Subplinian phase. Time equal O refers
to 18h00 and real time are respectively19h30mn40s, 19h33mn35s,
19h39mn43, 19h49mn13s, 20h3mn44s, 20h10mn4s. Gas velocity is
calculated by using Eq. (10) with a constant K, of 1/3 and a vent
area based on a conduit radius of ~6 m (Vergniolle et al. 2004).
Mean is the mean value for the five “plumes” or “decompressions”
(decomp.) without the trigger thermal, as it will be shown to have
a different origin than the rest of the five plumes (Vergniolle and

6000 6500 7000

TIME (s)

7500 8000 8500 9000

events. We further suggest that the intervals in which gas
velocity increases correspond to a “decompression” phase.
This decompression phase occurs when residual gas in the
conduit expands due to the removal of the weight of the
previous plume, leading to the next plume (Vergniolle and
Caplan-Auerbach, subm.). Later we will consider whether

Caplan-Auerbach, subm.). Std means standard deviation, Vol means
volume and Vel means measured velocity. Aver means average, Max
maximum and Min minimum. Slope is the decrease of measured gas
velocity in time. Decompression time of plume 1 is the time between
plume 1 and 2, and right after plume 1. Gas volume used for calculat-
ing gas flux is the gas volume expelled during the trigger thermal (0)
and the five “plumes” (1 to 5). Gas flux is based on the total duration
of the six “plumes” (0 to 5) and the six “decompression periods.

Plume Oth st 2nd 3rd 4th 5th Mean Std Tot
Initial Time (s) 5440 5615 5983 6553 7424 7804

Duration (s) 80 157 332 337 274 445 309 105 2806
Aver. Vel (m.s™!) 83 82 86 84 78 80 82 32

Max. Vel (m.s™!) 94 94 95 97 83 90 92 5.7

Min. Vel (m.s™") 73 70 77 72 74 71 73 3.0

Slope (x1072 m.s~2) 26 1.5 5.4 7.6 33 4.0 7.2 4.8

Gas Vol (x10° m?) 0.76 1.5 33 52 24 4.0 25 1.2 15.1
Gas Flux (x 10° m%/s) 9.4 9.3 9.8 9.6 8.9 9.1 9.3 33 4.5
Decompression Oth 1st 2nd 3rd 4th Sth Mean Std Tot
Duration (s) 94 211 238 534 103 534 324 198 1715
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these time periods are associated with significant gas
release and whether they should be included in gas volume
calculations.

Note that these decompression phases are similar to the
period immediately preceding the first Strombolian phase
(between 20h17 and 20h26) in terms of both duration
(324 £+ 198 s) and evolution of gas velocity. This sug-
gests that the first Strombolian phase, with its rapid se-
quence of large bubbles breaking at the vent, may also result
from the decompression induced by the sudden removal of
gas and magma from the conduit during the Subplinian
phase.

The period following the first velocity decrease is very
short, 94 s, compared to the average duration between
the rest of the plumes (Table 1). This fact, combined with
the short duration of the first period, encourages us to label
this first phase as a “thermal,” i.e. an instantaneous rather
than prolonged release of gas (Turner 1973; Sparks et al.
1997).

Note also that the beginning of each period is defined by
the local maximum in gas velocity. Since the gas velocity
is calculated with a time averaging of 5 s, there is an uncer-
tainty of £5 s, on both sides of the signal. Because the end
of each period is determined with less precision than the be-
ginning, we estimate an uncertainty of 20 s in the durations.
This only leads to a +2% error in gas volume and gas flux.
If the conduit radius is twice the value determined from
acoustic measurements (Vergniolle et al. 2004), the gas ve-
locity is reduced by 25%, with a comparable change in
gas flux and volume. Given the uncertainty associated with
wind noise and the constant K; = 1/3, our determination
of gas volume and gas flux is probably within 30% accuracy.

Validation of the acoustic power method

An important result from our calculation of gas velocity is
that it always lies below the sound speed, making the use of
the acoustic power technique valid. Secondly we note that
the assumption of a dipolar source of sound has been made
for the whole time sequence in Fig. 3. If any monopolar
explosions occur during that time, the dipole assumption
results in a dramatic overestimate of gas velocity, by
roughly a factor of 3.3. This is the case for the trigger bub-
ble, which shows a velocity of ~140 m/s instead of 70 m/s
and for the several large overpressurised bubbles occurring
later in the record which are detected by their waveforms
(Fig. 3). For a quadrupole source, i.e. produced by turbu-
lence in the gas jet free of solid fragments, the velocity will
be underestimated by a dipole approximation. This might
be the case for the sound produced between the end of the
Subplinian and the start of the Strombolian phase and dur-
ing the decompression periods (Table 1). However at these
times, strong variations in magma column height are very
likely as the bubbly magma expands under the pressure
release resulting from the expulsion of a large volume of
gas and magma. In that case, the sound produced will be
that of a monopole source, the strong acoustic radiation
of which can totally mask any dipole or quadrupole source

(Woulff and McGetchin 1976). Therefore, the velocity
of the decompression periods may be overestimated by a
factor of 1.9, giving an average velocity of less than 40 m/s
(Fig. 3).

Our results show that gas velocity during the Subplinian
phase is large, ~82+£3.2 m/s (Fig. 3). This value is slightly
lower than velocities found for other large explosive
basaltic eruptions: Williams (1983) estimates muzzle
velocities of 150 m/s and 170 m/s for two basaltic Plinian
eruptions of Masaya volcano, and Walker et al. (1984) state
that the muzzle velocity for the 1886 Tarawera eruption
exceeded 250 m/s. The velocity during the Shishaldin
Subplinian phase, ~82 m/s, is very similar to the velocity
estimated from ballistics between 40 and 180 m/s during
the Vulcanian explosions and the Subplinian column of
andesite at Soufriere Hills (Montserrat Island, West Indies)
(Druitt et al. 2002). Durations are also very similar, with
~48 minutes at Soufricre Hills (Robertson et al. 1998;
Druitt et al. 2002).

Plinian columns are often marginally stable and can
collapse to produce pyroclastic flows when the mixture be-
comes too heavy for vertical motion (Carey et al. 1990;
Sparks et al. 1997; Kaminski and Jaupart 2001). There-
fore the possibility exists that the “decompression” phases
observed between “plumes” at Shishaldin volcano are as-
sociated with the collapse of a buoyant plume into a heavy
pyroclastic flow. However no evidence of pyroclastic flows
was found either in satellite imagery taken during the erup-
tion, in field deposits or recognised on seismic records
(Dehn et al. 2002; Stelling et al. 2002; Thompson et al.
2002), so another mechanism must be invoked.

Spectral content of the Subplinian phase

We calculated fast Fourier transforms on acoustic pressure
filtered above 100 s for each of the periods defined by trends
in gas velocity (Fig. 3). The Subplinian phase appears as
a broadband event, with a spectral maximum decreasing
from ~2 Hz at the time of the trigger thermal (Fig. 4b) to
~0.8 Hz for the last plume PS5 (Fig. 4g). The constant fre-
quency of the hum (Vergniolle and Caplan-Auerbach 2004)
is very clear on the fast Fourier transform calculated be-
fore the Subplinian phase (Fig. 4a).The frequency content
of the first five decompression phases has no characteristic
frequency, in contrast to the last decompression (Fig. 4g),
which shows a well marked peak at ~0.8 Hz. The progres-
sive appearance of the ~0.8 Hz peak into the spectrum is
related to the increasing number of large bubbles breaking
at the top of the magma column as the eruption approaches
the first Strombolian phase.

To further examine the six periods considered to be
plumes or thermals, we filtered the acoustic record in nar-
row frequency bands and calculated the maximum signal
amplitude in each band (Fig. 5). The start of each of the
six periods, previously defined by jumps in gas velocity
(Fig. 3), appears as a sharp increase in amplitude in either
the low-frequency band, from 0.01 Hz to 0.5 Hz, or in the
middle band, between 0.1 and 1 Hz (Fig. 5). In contrast to
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Fig. 4 Fast Fourier Transform calculated on acoustic pressure-
filtered above 100 s in decibels (see caption in Fig. 2) and for each
of the period defined by the gas velocity. Note that the time periods
noted in each panel are in seconds relative to 18h00 UTC a before
the Subplinian activity (from 1 s to 5000 s), b for Trigger thermal
(from 5440 s to 5520 s), ¢ for the first plume P1 (from 5615 s to
5772 s), d for the second plume P2 (from 5983 s to 6315 s), e for

the low frequency range (Fig. 5a), the intensity of the hum
events, as shown by the 0.5 Hz—4 Hz range, does not show
any change for the couple of hours prior to the Subplinian
phase (Fig. 5b). The start of the first Strombolian phase is
very clear in the 0.5-4 Hz range, as explosions have peaks
between 0.7 and 0.8 Hz (Vergniolle et al. 2004) gradually
increasing in strength (Fig. 5b).

Initiation of a basaltic Subplinian phase

We propose that the Subplinian phase observed at
Shishaldin is the result of the sudden collapse of a foam
of ~2.0 km trapped within the volcanic conduit (Eq. (10)
in Vergniolle and Caplan-Auerbach, subm.). Because the
trigger bubble is formed at the depth of the reservoir
(Vergniolle and Caplan-Auerbach 2004), its rise through
a bubbly magma column might be responsible for shaking
the magma column strongly enough to instigate its collapse.
We explore this possibility below.

Transition between the pre-Subplinian and Subplinian
phase

At 19h31 mn, the pre-Subplinian phase ends and the
acoustic pressure changes from the constant ~2 Hz
frequency humming phase to a waveform characteristic
of a Strombolian bubble breaking (Vergniolle et al. 2004;
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the third plume P3 (from 6553 s to 6890 s), f for the fourth plume
P4 (from 7424 s to 7698 s), g for the fifth plume P5 (from 7804 s to
8249 s), h for the last decompression, D5, before the second Strom-
bolian phase (from 8249 s to 8783 s). The Subplinian phase appears
as a broadband frequency event, with a migration of the maximum
from ~2 Hz in the trigger thermal (b) to ~0.8 Hz in the last plume

P5 (g).

Vergniolle and Caplan-Auerbach 2004). The waveform
for this event is characteristic of the sound produced by
the strong vibration of a large overpressurised bubble
which breaks at the top of the magma column (Vergniolle
and Brandeis 1994, 1996). Modelling the bubble vibra-
tion leads to estimates on bubble radius, length and
overpressure of 5 m, 15 m and 0.42 MPa respectively
(Vergniolle et al. 2004; Vergniolle and Caplan-Auerbach
2004). Its large overpressure, above the “normal” value of
~(0.083 MPa and ~0.15 MPa during the two Strombolian
phases, suggests that this bubble is formed at the depth
of the reservoir (Vergniolle 1998; Vergniolle and Caplan-
Auerbach 2004). Although the internal gas overpressure
is rather large, the acoustic signature of the trigger bubble
cannot be detected on the seismic network. It is related to
both a strong tremor at the time and to the preferential ex-
pansion of the large bubble towards air rather than ground.
This observation will have consequences on the monitoring
of basaltic plumes eruptions, such as at Shishaldin.

The acoustic pressure record (Fig. 6) shows two pulses
prior to the trigger bubble. The first one (at 5324 s,
Fig. 6a) has a frequency of ~0.7 Hz, similar to that pro-
duced by Strombolian explosions. The best fit between
observed (Fig. 6a) and synthetic waveforms (Vergniolle
et al. 2004) is obtained for a bubble of ~3.5 m in radius,
~20 m in length and with a gas overpressure of ~0.13
MPa. Note that this value is smaller than that of the trigger
bubble. The second pulse (at 5382 s, Fig. 6b) has a fre-
quency and an amplitude (2 Hz and ~1.5 Pa respectively)

10!
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TRIGGER BUBBLE OF SUBPLINIAN PHASE: 19h31mn03 (5463 s)
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Fig. 5 The maximum amplitude of acoustic pressure (Pa) in three
frequency bands is followed in time, from 18h00 to 21h00 the 19th
of April 1999. Each of the periods, previously defined by jumps in
gas velocity (grey shadding), are marked by a sharp increase in am-
plitude, either in the low frequency range, from 0.01 Hz to 0.5 Hz,
for the trigger thermal and plumes P1, P3, PS5 or in the middle range
for plumes P2 and P4 a In the low frequency, from 0.01 Hz to 0.5 Hz,
there is a regular increase in intensity ~1463 s (at ~4000 s) prior to

ressembling those produced by the hum events. In that
case, the bubble length and overpressure are 76 m and
~9.5 x 1073 MPa respectively, when using the hum syn-
thetic waveforms (Vergniolle and Caplan-Auerbach 2004).
However, the trigger bubble with its large overpressure is
the major event occurring at the beginning of the Subplinian
phase.

Since the beginning of the Subplinian phase has been
placed at &~ 5440 =+ 5 s (Fig. 3), the second strongest pulse
at ~5435 s may mark the exact start of the Subplinian phase
(Fig. 6¢). This pulse, however, cannot be modelled by the
vibration of a large overpressurised bubble as for the trigger
bubble. Hence it probably corresponds to the rupture of the
foam, which may have occurred ~28 seconds before the
actual breaking of the trigger bubble at the surface.

The trigger bubble

If we define the beginning of the subplinian phase by
changes in gas velocity (Fig. 3), the initiation of the Sub-
plinian eruption starts just before the arrival of the trigger
bubble at the surface. However, the formation of the trigger
bubble at the depth of the reservoir occurs well before it
arrives at the surface (Figs. 7 and 8). The upwards velocity
Uy, of a large bubble almost as large as the conduit and ris-

the trigger bubble (at 5463 s), possibly indicative of the bubble rise
in the conduit. b There is no change in the intensity of hum events
prior to the Subplinian phase in the middle range, from 0.5 Hz to
4 Hz. The start of the first Strombolian phase is very clearly marked
as the explosions, ~0.8 Hz, gained strength. ¢ Only the trigger bubble
and the second plume P2 has some energy in the “high” frequency
range, from 4 Hz to 10 Hz.

ing in a tube full of stagnant liquid depends mainly on the
radius of the tube R, and not on the bubble length (Wallis
1969):

Uy, = 0.345,/2¢gR. - (12)

Equation (12) results from a balance between inertia and
buoyancy, in which gas density is negligible compared to
liquid density. Hence, the slug velocity is independant of
the mixture density.

The conduit radius R, can be estimated from the initial
bubble radius R, and from the thickness § of the magma
present between the bubble and the solid wall, called the
lateral film. If we assume that the thickness 8 has reached
its asymptotic value &, it can be calculated as (Batchelor
1967):

2 1/6
"
P = 09K (pZRSg)

where | and p are respectively the viscosity and the den-
sity of the mixture, R, the conduit radius, assumed at first
order to be the bubble radius R, and g the acceleration of
gravity. For a magma viscosity of 500 Pas, and a bubble
radius of 5 m (Vergniolle et al. 2004), the vertical film §,

(13)



Fig. 6 Acoustic waveforms at
the transition between the
pre-Subplinian phase and the
start of the Subplinian phase at 19h28mn40s
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INITIATION OF SUBPLINIAN PHASE

19h29mn40s

{=~5440 + 5 s, for an initial 5 #
time taken at 18h00 (Fig. 3).

Data are filtered between 0.5 Hz
and 4 Hz with a two-way filter
to keep a zero phase lag, hence
an exact time. This filtering 0
allows a much better
determination of the physical
process, such as bubble
breaking. a B is a bubble, whose
frequency ~0.7 Hz corresponds
to a radius, length and
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around each bubble is ~0.86 m. Because the asymptotic
value 8 is seldom attained even for long bubbles (Fabre
and Linné 1992) and corresponds to a minimum value,
the conduit radius can be safely estimated at ~6 m from
acoustic measurements.

However if the overlying mixture is a foam, its density
p and viscosity | are the one of the foam, pfoam and fioam
respectively:
Pfoam = € Pgas +(I—e Pliq (14)
where € are is the gas volume fraction. The large density
difference between liquid and gas makes:
Proam ~ (1 — €)piig (15)
avery good approximation. We also assume that the gas vol-
ume fraction is constant with depth in the overlying foam
and equal 0.6 (Vergniolle and Caplan-Auerbach, subm.).
The foam viscosity ffoam depends on the liquid viscos-

ity g by (Jaupart and Vergniolle 1989; Vergniolle et al.
2004):

Miiq

(1—e)p2 (16)

Mfoam =

Once the trigger bubble enters the foam, the vertical film
around it becomes 2.5 m (Eq. (13)).

5435 5440 5445 5450 5455 5460 5465 5470
TIME (s)

Note that previous synthetic waveforms of the trigger
bubble and of the hum events have assumed that the large
bubbles were rising in a pure liquid (Vergniolle and Caplan-
Auerbach 2004). Therefore the bubble radius was taken to
be ~5 m as for a pure magma, whereas it should have been
taken to be ~3.5 m for a conduit radius of ~6 m and for
a foam (Vergniolle et al. 2004). The synthetic waveform
(Vergniolle et al. 2004) of the trigger bubble of the Sub-
plinian phase was redone and gave an excellent fit with the
data, with a bubble length of &35 m and a gas overpres-
sure of ~0.39 MPa. Because the synthetic waveforms of
the hum events are those of a linear oscillator (Vergniolle
and Caplan-Auerbach 2004), a decrease in bubble radius
and in the hole radius only increases the bubble length, to
~86 m, and decreases the gas overpressure to a value from
~0.84 x 107 MPa to ~3.2 x 10> MPa.

The bubble rise velocity should also include a correction
factor if the fluid is viscous, giving a bubble velocity of:

—0.01 Ny
Uy = 0.345/2gR. |1 —exp [ ———— (17)
0.345
where:
J/8gR3
Nf = PvOBR: (18)

u
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Fig. 7  Sketch of the various eruption regimes around the Sub-
plinian phase, for the simplified case of only two plumes (see text
for details). a Pre-Subplinian phase, characterised by “hum” events
corresponding to the local coalescence within the foam in the con-
duit. b Trigger bubble is a large overpressurised bubble which starts
rising in the conduit, ~26 minutes before breaking. It enters the
foam ~16 minutes before breaking and shakes the foam until it col-
lapses entirely, 28 seconds before the trigger bubble breaks at the
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Fig. 8 Sketch of the various eruption regimes in the pre-Subplinian
phase a Pre-Subplinian phase, from 6h00 to 12h19, characterised
by “hum” events corresponding to local coalescence within afoam
building up in the conduit. b Formation of two thermals between
12h19-12h30 and13h12-13h21, reaching a maximum height of
3 km in the atmosphere. Each thermal phase corresponds to a foam
of ~1.1 km in length (Eq. 10 in Vergniolle and Caplan-Auerbach,
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surface. ¢ First plume of the Subplinian phase (P2 and P3): entire
collapse of a foam of ~1.3 km length (Eq. (10) in Vergniolle and
Caplan-Auerbach, subm.). d Decompression induced by the sudden
withdrawal of magma and gas in the conduit. e Second plume of the
Subplinian phase (P4 and P5): entire collapse of a foam of ~1.3 km
length (Eq. 10 in Vergniolle and Caplan-Auerbach, subm.) followed
by 9 minutes of decompression before starting the first Strombolian
phase
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subm.). ¢ Pre-Subplinian phase, from 13h30 to 19h30: hum events
resume. d Trigger bubble, at 19h31, is a large overpressurised bub-
ble which starts rising in the conduit, ~26 minutes before breaking
(Fig. 5). It enters the foam *16 minutes before breaking and shakes
the foam until the completecollapse occurs just before the trigger bub-
ble breaks at the surface (Vergniolle and Caplan-Auerbach, subm.)



Fig. 9 Hum events of the
pre-Subplinian phase, detected
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The trigger bubble rises in a tube of radius ~6 m,
through a magma of viscosity g = 500 Pa.s, at a velocity
Uy of 3.7 m/s when ignoring viscous effects (Eq. (12)).
However, when the trigger bubble enters the foam, the
apparent viscosity of the fluid increases (Eq. (16)) and
its density decreases to 1080 kg.m™* (Eq. (15)), giving a
velocity of ~2.1 m/s (Eq. (17)). Thus there is a period of
~16 minutes, based on a 2 km-long foam (Vergniolle and
Caplan-Auerbach, subm.), during which the trigger bubble
rises through the conduit. During that time, the bubble
rise disturbs the foam before breaking at the surface.
However the acoustic pressure, recorded 16 minutes before
the trigger bubble, shows neither a sharp increase in the
number of hum events nor a sharp increase in their intensity
(Vergniolle and Caplan-Auerbach 2004). Therefore there
is no evidence at the surface that the trigger bubble, while
rising, induced more local coalescence in the uppermost
part of the foam trapped in the conduit (Fig. 5b; Fig. 9).

If the foam rupture starts at ~5440+5 s and propa-
gates downwards with a velocity of 5.6 m/s (Vergniolle
and Caplan-Auerbach, subm.), the initial position of the
trigger bubble at that time (544045 s) is ~220 m be-
low the top of the magma column, as the upwards mo-
tion of the bubble, ~2.1 m/s, is combined with the down-
wards motion of the rupture front, ~5.6 m/s (Vergniolle
and Caplan-Auerbach, subm.). Because the conduit radius
is &6 m (Vergniolle et al. 2004), the trigger bubble is at
a depth of ~18 times the conduit diameter when the trig-
ger thermal starts. Hence we suggest that the initiation
of the Subplinian phase may be related to the approach
of the trigger bubble close to the top of the foam. The

TIME (x 104 s); t = 0: 6h00 - 6h45

physics of such an initiation, being complex, is beyond the
scope of the present study and will be left for for future
work.

Examination of the low-frequency acoustic signal
(0.01 Hz to 0.5 Hz) shows a regular increase in intensity
beginning *1463 s before the trigger bubble (Fig. 5a) and
ending with the start of the Subplinian phase. Because the
formation of the trigger bubble at depth is probably violent,
as suggested from its large overpressure (Vergniolle 1998;
2001), once the bubble enters the conduit, its strong expan-
sion may induce motions at the top of the magma column.
Gravity waves are likely to be formed at the magma surface
with fundamental frequencies at ~0.3 Hz and ~0.4 Hz for
a conduit radius of 6 m and, respectively, the angular and
radial modes (Vergniolle et al. 1996). Therefore we suggest
that the increase seen at ~4000 s in the 0.01 Hz—0.5 Hz
range may mark the injection of the trigger bubble at the
base of the conduit. This corresponds to a depth of ~3.9
km for a foam of 2.0 km. Although no independant
constraint exists on the magma chamber depth below
Shishaldin, thevery good agreement with other basaltic
reservoirs, such as Kilauea (Hawaii) and Etna (Klein 1987,
Ryan 1988; Laigle and Hirn 1999; Laigle et al. 2000;
Schmincke 2004) is in favor of this interpretation.

Two thermal phases in the middle
of the pre-Subplinian phase?

The long series of hum events of the pre-Subplinian
phase have been stacked and modelled to find the
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Fig. 10 Acoustic pressure (Pa) 12h00
as a function of time (s) around ‘
the first thermal phase at 12h19.

12h45

SHISHALDIN PRE-SUBPLINIAN PHASE, APRIL 19, 1200:1245 UTC (t = 0 is 10h30) ‘

a filtered below 0.5 Hz and b
above 0.5 Hz. B marks the
position of a few large bubbles.
¢ Spectrogram of acoustic
pressure, calculated on 1024
points (10.24 s) with 80%
overlap and a sampling
frequencyof ~100 Hz. The

T
| 0.5 Hz LOWPASS

amplitude in dB is calculated as
0.5 Hz HIGHPASS

in Fig. 2) and using a reference
rms pressure equal to 20 pPa
(Kinsler et al. 1982, Leighton
1994)

oL

FILTERED ACOUSTIC PRESSURE (Pa)

FREQUENCY (Hz)

60 65 70

characteristics of the source (Vergniolle and Caplan-
Auerbach 2004). This “humming signal” is interpreted as a
local coalescence within a long foam building up in the con-
duit, which produces large gas bubbles, ~86 m in length,
before bursting (Fig. 8). The gas overpressure is small, from
0.84 x 1073 MPa to 3.2 x 1073 MPa and is related to the
bubble capillary pressure inside of the foam (Vergniolle and
Caplan-Auerbach 2004). The top of the foam is composed
of bubbles with diameters from 21.9 mm at the beginning
of the episode towards ~0.5 mm at its the end (Vergniolle
and Caplan-Auerbach 2004).

The temporal evolution of gas volume emitted at the
surface by the hum events exhibits a clear rupture between
12h00 and 14h00 (Vergniolle and Caplan-Auerbach 2004).
Around that time, the number of detected hum events is very
small (Fig. 9a) and of low amplitude, ~1 Pa. At ~13h06,
one of the largest intermittencies between successive hum
events, 2600 s occurs (Vergniolle and Caplan-Auerbach
2004).

We have repeated the same analysis using stacks
calculated on fifteen minutes instead of thirty minutes
(Fig. 9) and found similar results with an improved
time accuracy. The match between synthetic waveforms
(Vergniolle and Caplan-Auerbach 2004) and recorded
hum events is poor between 13h15 and 13h45 due to
the small number of hum events (Fig. 9a). Nevertheless,
gas overpressure and intermittency between hum shows
a clear rupture between 13h15 and 13h45 (Fig. 9b and
9¢). The evolution of the intermittency averaged over
15 minutes is very similar for the period from 6h45 to
11h30 and from 13h30 to 19h30 (Fig. 9c), suggesting

75 80 85 90 95 100
AMPLITUDE (dB)

that something major has happened between 11h30 and
13h30.

Low frequency signals, below 0.5 Hz, become partic-
ularly energetic between ~12h21 and ~12h30 (Fig. 10).
As with other signals recorded by the pressure sensor, we
first considered the possibility that the signal had a source
that was unrelated to the volcano. Again, wind conditions
at the site were unknown but wind recorded 92 km away
was mild at the time. The seismic signal, however, did
not show the broadband noise generally associated with
wind, nor was significant microbarometric noise, ~0.2
Hz (Kibblewhite and Wu 1996), evident. Furthermore, the
low-frequency signal occurs at a time with few hum events
or bubble bursts signals (Vergniolle and Caplan-Auerbach
2004). Because this represents a significant change in
the acoustic record, we assume that the low-frequency
signal also results from a volcanic process. We note that
no significant signal was recorded on seismometers at this
time, suggesting that the signal was not energetic and may
have had a shallow source.

The combination of a hiatus in hum events and the
presence of the low frequency signal described above
suggests that there was a change in eruption dynam-
ics at this time. We propose that these changes are due
to the formation of a thermal during the pre-Subplinian
phase, referred later in the text as the first thermal
phase.

While a plume corresponds to the continuous release
of gas and magma in the atmosphere, a thermal is char-
acterised by the quasi-instantaneous release of gas and
magma (Turner 1973; Sparks et al. 1997). Because the



Fig. 11 Acoustic pressure
(Pa), around the first thermal
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SHISHALDIN 1999 : PRE-SUBPLINIAN PHASE; t = 0 is 10h30
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thermal is not supported by the continuous addition of hot
material with momentum from below, it rises in the atmo-
sphere to significantly lower heights than does a plume,
hence can go undetected under the cloud cover.

A trigger bubble for the first thermal phase

When the pressure record around the time of the first
thermal phase is highpass filtered above 0.5 Hz (Fig. 11),
waveforms similar to those generated by the breaking
of large overpressurised bubbles during Strombolian
eruptions are observed. In that case, the sound is produced
by the vibration of an overpressurised bubble at the top
of the magma column (Vergniolle and Brandeis 1994;
Vergniolle and Brandeis 1996; Vergniolle et al. 1996;
Ripepe and Gordeev 1999; Vergniolle et al. 2004). Details
of the modelling of these events can be found in another
paper (Vergniolle et al. 2004). For the Strombolian events,
we assumed that the magma above the bubble has a
constant thickness of /ey ~0.15 m. In these conditions,
the bubble radius, length and overpressure are respectively
3.5 m, 240 m, 0.06 MPa at ~12h19 and 3.5 m, 160
m, 0.07 MPa at ~12h25 because they rise in a foam
(Eq. (13)).

The general evolution of the gas velocity suggests that the
thermal phase starts at 6550 & 5 s (Fig. 12, see below).
Acoustic pressure, filtered below 0.5 Hz, shows a signal
at that time (I.P. in Fig. 11), which is the strongest event
of that period and hence could be considered as the begin-

ning of the thermal phase. Therefore, we suggest that the
bubble at 12h19, which occurs at the initiation of the ther-
mal phase, is the analog of the Subplinian trigger bubble
(Vergniolle and Caplan-Auerbach 2004) despite its smaller
overpressure. In that case, the initiation of the first thermal
phase is simultaneous tothe breaking of its trigger bub-
ble at the surface (Fig. 11), whereas the initiation of the
Subplinian phase occurs 228 s ahead of its trigger bubble
(Fig. 6C).

Gas velocity at the vent for the first thermal phase

We further examine the low-frequency signal between
12h15 and 12h30 by calculating the gas velocity at that
time, assuming a dipole source (Eq. (10)), as for the
Subplinian phase. By analogy to the Subplinian phase, a
thermal or a plume starts to form at the vent when a large
overpressurised bubble approaches and breaks the top of
the magma column after which the gas velocity decreases
almost linearly. We can recognize this trend at ~12h25,
and two possible events at ~#12h19 and ~12h22mn30s(Fig.
12). However, the short total duration, ~643 s (Table 2)
relative to the duration of the Subplinian phase (=2806
s), places this event in the domain of a thermal rather than
a plume. As with the Subplinian phase, each thermal is
separated by a “decompression” phase, characterised by a
linear increase in gas velocity. The two large peaks in gas
velocity (B in Fig. 12) at ~#12h19 and ~12h25 are overes-
timates resulting from the use of a dipole model for the two
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Table 2 Estimates for the first thermal phase, observed during the
pre-Subplinian phase at 12h19, and composed by a trigger thermal
(Oth) and the two “plumes” (1 to 2). Time equal O refers to 10h30 and
real time are respectively 12h19mn10s, 12h21mn59s, 12h25mn40s.
Gas velocity is calculated by using Eq. ((3.10)) with a constant K,
of 1/3 and a vent area based on a conduit radius of ~6 m (Vergniolle
etal. 2004]. Mean is the mean value for the two “plumes” or “decom-
pressions” without the trigger thermal. Std means standard deviation,

Vol means volume and Vel means measured velocity. Aver means av-
erage, Max maximum and Min minimum. Slope is the decrease of
measured gas velocity in time. Decompression time of plume 1 is the
time between plume 1 and 2, and right after plume 1. Gas volume
used for calculating gas flux is the gas volume expelled during the
trigger thermal (0) and the two “plumes” (1 to 2). Gas flux is based
on the total duration of the thermal (0) and two “plumes” (1 and 2)
and the three “decompression periods

Plume Oth 1st 2nd Mean Std Tot
Time (s) 6550 6719 6940

Duration (s) 58 129 253 191 88 643
Aver.Veloc (m.s™!) 82 90 85 88 3.3

Max.Veloc (m.s™") 87 99 100 99 0.41

Min.Veloc (m.s™!) 77 81 71 76 6.9

Slope (x 1072m.s72) 16 14 11 13 2

Gas Vol (x 10°m?) 0.54 1.3 2.5 1.9 0.8 4.30
Gas Flux (x 10°m?/s) 9.3 10 9.7 9.9 3.7 6.7
Decompression Oth 1st 2nd Mean Std Tot
Dec. Time (s) 6608 6648 7194

Duration (s) 111 92 323

Height (km) 1.8 2.2 2.6 2.4 0.26 3.0

monopole bubble bursting signals (Egs. (4) and (10)). If
we discard the two peaks in gas velocity which correspond
to the two large gas bubbles at ~12h19 and ~12h25, the
calculated gas velocity between 12h18 and 12h30 is rather
large, ~88 m/s (Fig. 12, Table 2). This is also in the range
of exit velocities measured during Vulcanian explosions,
between 40 and 140 m/s at Soufriere Hills (Druitt et al.
2002).

A second thermal phase during the pre-subplinian
phase

Because direct observations detected a small “plume” at
13h20 in the atmosphere, the gas velocity was calcu-
lated from acoustic power for the period 12h30-13h20.
At 13h12, acoustic measurements show an event very
similar to the triggering event of the first thermal phase
at 12h19 (Fig. 11). Furthermore, gas velocity presents
a time series very analogous to the first thermal phase
(12h19-12h30), suggesting the formation of a thermal at
the vent. The total gas volume, ejected between 13h12 and
13h21, is ~3.6 10°m? and other results are summarised in
Table 3.

Although thermal phases initiate with only a moderately
overpressurised bubble, ~0.06 MPa for the first thermal
phase, it still represents a classical Vulcanian explo-
sion/thermal. Consequently Shishaldin displayed a wide
variety of basaltic activity during its 1999 eruption, includ-
ing Strombolian explosions, Vulcanian explosion/thermal,
and a Subplinian plume. There is also a continuum during
the pre-Subplinian phase towards increasing the strength
of the eruption (Vergniolle and Caplan-Auerbach 2004),
until it reaches its climax, i.e. during the Subplinian
plume.

SHISHALDIN; 1st THERMAL PHASE OF PRE-SUBPLINIAN PHASE

12h10 12h20 12{130 12h40
140
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Fig. 12  Gas velocity (m/s) as estimated (Eq. (10)) using acoustic
power averaged over a 5 s duration with a constant K, = 1/3, avent
area based on a conduit radius of ~6 m (Vergniolle et al. 2004) and
assuming a dipolar sound radiation. B marks where thegas velocity is
overestimated, because the signal corresponds to a bubble bursting, a
monopole source. TT, T1 and T2 are respectivelythe trigger thermal,
and the two successive thermals of the first thermal phase at 12h19—
12h30. D1 and D2 are the two decompression periods

Independent estimates of gas flux
Gas flux from the plume height

Finally, we use the gas velocity to estimate gas flux and
gas volume and compare it with models of plume rise in



Table 3 Estimates for the second thermal phase, observed during
the pre-Subplinian phase at 13h12, and composed by the trigger
thermal (0) and the three “plumes” (1 to 3). Time equal O refers
to 10h30 and real time are respectively13h12mn19s, 13h15mn27s,
13h17mn56s and 13h19mn29s. Gas velocity is calculated by us-
ing Eq. ((3.10)) with a constant K, of 1/3 and a vent area based
on a conduit radius of 26 m (Vergniolle et al. 2004). Mean is the
mean value for the five “plumes” or “decompressions” without the
trigger thermal. Std means standard deviation, Tot represents the
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case of a single foam in the conduit, Vol means volume and Vel
means velocity, Aver means average and Max maximum. Slope is
the decrease of measured gas velocity in time. Decompression time
of plume 1 is the time between plume 1 and 2, and right after plume
1. Gas flux is based on the total duration of the four “plumes” and
the four “decompression” periods (see text for details). Note that
the calculated height, ~2.8 km, is in very good agreement with the
observation of a small plume at the vent at 13h20

Plume Oth 1st 2nd 3rd Mean Std Tot
Time (s) 9742 9927 10076 10168

Duration (s) 130 50 64 85 66 18 511
Aver.Veloc (m.s™!) 99 93 92 93 93 0.60

Max. Veloc (m.s~") 110 100 100 100 100 0.34

Min.Veloc (m.s™!) 86 84 83 85 84 1.2

Slope (x 1072m.s2) 21 36 29 19 28 8.0

Gas Vol (x10°m?) 1.5 0.53 0.67 0.90 0.70 0.19 3.55
Gas Flux (x 10°m?/s) 11 11 10 11 11 0.7 6.9
Decompression Oth 1st 2nd Mean Std Tot
Time (s) 9872 9977 10140 10253

Duration (s) 55 99 28 147 82.2 52.1

Height (km) 2.3 1.8 1.9 2.0 1.9 0.13 2.8

atmosphere. Gas flux at the surface Q 4yen can be estimated
from the gas velocity U and the area of a vent of radius
R.. After the eruption, in August 1999, the vent radius
was observed to be ~12-15 m (Vergniolle et al. 2004).
However because flaring of the vent is a very common
feature, and because the vent was partly widened during the
eruption (P. Stelling, pers. com. 2002), we use the estimate
from acoustic measurements of R, ~ 6 m (Vergniolle et al.
2004). Furthermore this radius of 26 m corresponds exactly
to the top of the magma column, which is the location where
the plume initiates:
ngent = UﬂR? . (19)

Mean gas velocity during the first thermal phase is 88 £
3.3 m/s (Fig. 12, Table 2) for surficial gas flux estimates
of ~0.99 x 10* 4+ 0.37 x 10* m?/s (Table 2). Although
these values are very similar to gas flux emitted during the
Subplinian phase, ~0.93 x 10* £ 0.33 x 10* m?/s, their
short durations, for a total of ~643 s, suggest that their
behaviour is that of a thermal, where gas is not continuously
fed at the source.

Gas volume at atmospheric pressure can be calculated
from the gas flux, knowing that the duration of the three
pulses are ~58 s, 2129 s, and &253 s. Gas volume for each
pulse is found to be 1.9 x 10° 4 0.8 x 10° m? (Table 2).

The distinction between a plume and a thermal has a
dramatic effect on the height of the erupted material. For
the thermal, its height Hr in the atmosphere depends on its
initial volume V7 and on its temperature contrast (Sparks
et al. 1997):

Hr =2.6 F}/* N71/2 (20)

where N is the Brunt-Viisild frequency, i.e. the fre-
quency of internal gravity waves in the stratified atmo-
sphere (Lighthill 1978) and ranges between 5 x 10~ Hz
and 102 Hz for a typical atmosphere (Sparks et al. 1997).
Fr is defined as:

TTO - Tatm

Fr="Vrog —
atm”

21

Tt is the initial temperature of the mixture, ~1323 K
(Stelling et al. 2002), Ty, the ambient temperature, ~273
K.

In contrast, the height of a plume, continuously fed by
gas at the source, depends on gas flux at the source. An
empirical, therefore very approximate, relationship, which
relates the height of the plume, Hpyme in km, to its gas
flux at the surface, Qgyent in m?3/s, has been widely used in
volcanology because of its simplicity (Sparks et al. 1997),

giving:

H ume ﬁ
ol } : (22)

ngent = |: 167

Gas flux during the first thermal phase

For the three phases of the first pre-Subplinian thermal
phase, use of Eq. (21) yields approximate heights in the
atmosphere of ~2.4 £ 0.26 km. If instead we consider the
possibility that these events were continuously gas-fed de-
spite their short duration and use Eq. (22), we find that their
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expected heights would be closer to 18 km. Although the
area was clouded at the time of the pre-Subplinian phase,
a plume of this height would have been easily visible in
satellite imagery. Results are similar for the second ther-
mal phase (Table 3). The fact that only a small plume was
observed at 13h20 on April 19 is strong evidence that these
features formed as thermals.

Gas flux during the Subplinian phase

As for the pre-Subplinian phase, we take the radius of the
vent to be 6 m (Vergniolle et al. 2004) and calculate gas
flux according to Eq. (19). Mean gas velocity during the
five “plumes” is &~ 82 4 3.2 m/s, (Fig. 3), leading to amean
gas flux of ~0.93 x 10* 4 0.33 x 10* m?/s (Table 1).

Gas volume at atmospheric pressure can be calculated
from the gas flux, knowing the duration of the five
“plumes,” =309 £ 105 s. The total gas volume is equal
to ~1.5 x 10’ m? if we consider the five plumes plus the
trigger thermal and 2.9 x 107 m? if we include the gas
expelled during the six “decompression” phases. However
since the “decompression” periods may not correspond to
the expulsion of gas at the vent, we first ignore their gas
volume. This value is greater than estimates of 3.2 x 10°
m? for the Subplinian eruption of Soufriere Hills (Montser-
rat) (Robertson et al. 1998).

Use of Eq. (22) allows us to estimate gas flux at
6.1 x 10°m?®/s for the observed plume height of 16 km
(Nye et al. 2002), corresponding to two thirds of the gas
flux estimated from acoustic measurements for the each
period of the Subplinian phase Eq. (19). If we calculate
the height reached by a plume fed by a gas flux equivalent
to the one measured by acoustic measurements, we obtain
17.8 km. The discrepancy between the two estimates
Egs. (19) and (22), 16 km versus 17.8 km, can be due either
to inaccurate approximations in Eq. (22) or to inaccurate
estimates of the plume height. Plume height was estimated
from satellite data, which shows that the plume is strongly
sheared when it enters the stratosphere, at ~16 km.
Therefore in the absence of shearing, it might be expected
that the plume would rise higher, suggesting that acoustic
data give a good estimate of the gas flux produced by
the volcano. The second factor of discrepancy may come
from the value of the coefficient K4 Eq. (10). The use
of K4 equal to 0.013 (Woulff and McGetchin 1976) has
been shown to overestimate gas velocity, gas flux and gas
volume by a factor 1.7, leading to a plume height of 20.4
km. This large difference with observation suggests that
the choice of K4, based on Egs. (5) to (9) and equal to
1/3, is the most appropriate. The very good agreement
between gas flux from plume height and from acoustic
measurements also reinforces our choice of the periods
corresponding to the upwards motion of gas and ejecta.

If we had included the six “decompression” periods as
significant of an upper motion of gas at the vent, the plume
height would be 19 km. This overestimation, compared
to the observed minimum height of 16 km, suggests that
“decompression” periods correspond to relatively quiet pe-

riods, in which gas velocity cannot be estimated by the
dipole approximation. Hence, we propose that the “de-
compression” periods do not contribute significantly to the
ejected gas volume.

Conclusion

Acoustic measurements provide a quantitative understand-
ing of the eruption dynamics of the 1999 eruption of
Shishaldin volcano. The Subplinian phase is composed of
six periods during which the motion of gas and magma
is upwards. Although the acoustic waveform produced by
a volcanic plume or thermal is complex, use of acoustic
power allows us to estimate gas velocity and total gas vol-
ume at ~82 m/s and ~1.5 x 10’ m® for a mean gas flux
of ~0.93 x 10* m3/s. The analysis of the Subplinian phase
has shown that its start is related to the arrival of a large
overpressurised bubble at the vent. Then gas velocity dis-
plays a specific trend, in which it alternates between periods
marked by an initial jump followed by a regular decrease
and periods showing an increase.

We believe that two thermal phases formed in the middle
of the pre-Subplinian phase. These thermals, which could
also be called a Vulcanian explosion/plume, represents an
eruption midway between the explosive Subplinian activity
and the relatively “mild” Strombolian explosions which
also occurred in the 1999 eruption. Thus, although lava and
pyroclastic flows were notably absent, the 1999 eruption
exhibited a continuum of types of eruptive activity. The data
presented here confirm that acoustic records can provide a
wealth of information on eruption mechanics, even for a
case where visual observations are lacking. The similarity
in gas velocity and gas flux between the thermal phases of
the pre-Subplinian phase and the Subplinian phase suggests
that their formation results from the same mechanism.

There is also an excellent agreement between gas flux
calculated from acoustic pressure with that estimated from
the plume height. Hence, measuring the sound produced by
volcanoes is a very robust method to quantify the erupted
gas volume and gas flux at the vent.These are the primary
physical parameters responsable for surface activity, hence
implementing acoustic measurements on erupting volca-
noes can be a very valuable method for volcano monitoring.
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