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ARTICLE INFO ABSTRACT

Keywords: Erebus is an intraplate stratovolcano of phonolitic composition located at the southern end of Terror Rift within
Erebus the West Antarctica Rift system. The volcanic edifice of Erebus exhibits a summit plateau that hosts the main
Tremor crater and a smaller inner crater that contains a persistent lava lake. Volcano-seismic signals are recorded at
V"lc_ano Erebus by a permanent network of short-period and broadband seismometers installed around the volcano
ic;::li ca edifice. We investigate the duration-amplitude scaling of tremor recorded by the closest (~0.6-2 km) broadband

stations to the inner crater during May 2002-April 2004 in order to elucidate the physical processes taking place
at its source. After screening the data for signals related to non-volcanic sources such as iceberg calving, we
obtained 72 tremor events. Spectral analysis reveals that these events were either harmonic exhibiting several
overtones or broadband, but there were also mixed events that contained both of these two states. All tremor
episodes considered in this study follow an exponential duration-amplitude distribution that implies a scale-
bound source process. This precludes the possibility that any of these signals is related to iceberg calving near
Ross island, or that rock fracturing processes play any role in tremor generation. The large viscosity of phonolitic
magma (~10°3 Pa s) suggests that source mechanisms which require high flow speeds in order to excite tremor
are unlikely to operate at Erebus. On the other hand, oscillations of CO, bubble clouds formed at localized
asperities within the magma chamber represent a scale-bound source that is also consistent with the observed
oxidation state of ascending gas and with the deep (~5-7 km) location of the tremor source. These results are
important for understanding tremor processes at volcanoes which, similar to Erebus, exhibit vigorous convection
in their shallow plumbing system.

1. Introduction

Scaling relationships between the number and size of geophysical
phenomena have been extensively developed and studied in the lit-
erature as a means of understanding the source process of these phe-
nomena (e.g., Simkin, 1993; Krumbholz et al., 2014; Papale, 2018).
Power and exponential law are two of the simplest models that have
been fitted to these relationships, each of them signifying a physically
distinct source process. Power law models are related to scale invariant
processes where there is no characteristic length scale involved, as
exemplified by the frequency-magnitude scaling of earthquakes
(Gutenberg and Richter, 1954). Exponential law models represent
scale-bound processes that are described by values distributed around a
characteristic length scale, as for example seamount heights (Smith and
Jordan, 1987). Volcanic tremor is a continuous signal with variable
duration that is usually recorded near active volcanoes before, during
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and after eruptions (Konstantinou and Schlindwein, 2003). Signals si-
milar to volcanic tremor can be also observed in large hydrothermal
systems and are attributed to fluid-solid interaction (see for example De
Lauro et al., 2012, 2013; Capuano et al., 2016). Unlike earthquakes,
scaling relationships for tremor have been developed by substituting
frequency of occurrence with signal duration and magnitude with
seismic amplitude. Duration-amplitude distributions of tremor at dif-
ferent volcanoes worldwide have been found to consistently follow the
exponential law model (Benoit et al., 2003; DeRoin et al., 2015;
Arambula-Mendoza et al., 2016), therefore the tremor source process is
characterized by a mean length scale that may correspond for example
to a conduit filled with fluid. However, sudden changes in tremor
scaling behavior from exponential to power law have also been docu-
mented (Sandanbata et al., 2015) and may represent the influence of
rock failure processes on the tremor source.

Erebus is an intraplate stratovolcano (~3794 m high) of phonolitic
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Fig. 1. Topographic map showing the Erebus volcano edifice and the location of seismic stations as black dots. The red triangle symbolizes the location of the lava
lake. The larger inset shows a topographic map of Ross island and its three highest picks (Mt. Bird, Mt. Erebus, Mt. Terror) as red triangles. The smaller inset shows
the location of Ross island as a black square relative to the continent of Antarctica. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

composition that is located at the southern end of Terror Rift within the
West Antarctica Rift system (Kyle et al., 1992; Behrendt, 1999) (Fig. 1).
Volcanism there is a consequence of crustal rifting on top of a mantle
plume, as evidenced by tomographic images that show a low velocity
anomaly extending down to 400 km within the mantle (Gupta et al.,
2009). The volcanic edifice of Erebus exhibits a summit plateau that
hosts the main crater with a diameter of 600 m. A smaller inner crater
with 200 m diameter exists within the main crater, containing a per-
sistent lava lake. The seismic activity at Erebus is monitored by a per-
manent network of single-component 1 Hz seismometers and three-
component broadband sensors installed by the New Mexico Institute of
Mining and Technology (cf. Fig. 1). The majority of volcano-seismic
signals recorded at Erebus consists of Strombolian explosions as well as
very-long-period signals generated by volumetric changes of decom-
pressed gas slugs as they ascend through the feeding conduit towards
the surface of the lava lake (Rowe et al., 1998, 2000; Dibble et al., 2008;
De Lauro et al., 2009). Volcanic tremor was rarely observed at Erebus
prior to 2000, with these few episodes exhibiting either monochromatic
or harmonic spectral properties (Rowe et al., 2000). After this period
tremor signals started occurring more often, exhibiting also sudden
transitions from harmonic to broadband tremor and vice versa. Romero
(2004) analyzed tremor activity at Erebus between June 2000 and July
2003 and identified hundreds of such episodes. The author selected 24
of these and located them by using three different techniques (ampli-
tude distribution, semblance, cross-correlation of envelopes). All of the
selected episodes were located beneath the Erebus summit or its flanks
at depths 5-7 km. Such deep tremor source is in agreement with the fact
that there is little correlation between tremor activity and the Strom-
bolian explosions that take place near the surface of the lava lake.

In this work, we study the duration-amplitude distribution of tremor
events that were recorded at Erebus from May 2002 until April 2004.
The main issues that we wish to address by our analysis are: (1) the
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possible existence of transitions from exponential to power law beha-
vior; and (2) which is the most plausible source mechanism of tremor
that can fit our observations and the characteristics of the plumbing
system beneath Erebus. First, we give an overview of the available data
and describe the methodology utilized for the calculation of duration-
amplitude distributions and the fitting with power/exponential law.
Potential tremor generation models are then discussed in the context of
the plumbing system beneath Erebus. Finally, we show that while
previously proposed tremor models are unlikely to operate at Erebus,
oscillations of bubble clouds forming inside the shallow magma
chamber is a plausible source for tremor generation.

2. Data characteristics and selection

For the needs of this study we focused on the period starting from
mid-May 2002 until late April 2004 when according to Romero (2004)
there was significant tremor activity. We utilized data recorded by
stations E1S and CON (cf. Fig. 1) which are equipped with a broadband
three-component sensor recording at a sampling rate of 100 samples/s.
E1S is the closest (~0.69km) station to the lava lake and operated
continuously from May 2002 until May 2003, during November 2003,
and from January until April 2004. During the period from June to
October 2003 as well as December 2003, when data from E1S was not
available, we performed the analysis using data recorded by station
CON that was located about 2km away from the lava lake. By per-
forming a visual inspection of the recorded data it was possible to
identify a total of 278 tremor episodes. In order to properly classify the
different tremor events based on their spectral properties, we calculated
spectrograms for each of them by using the Short-Time Fourier Trans-
form (STFT) for a 10 s sliding window with 50% overlap after applying
a Hanning tapering function at each window. In this way we are able to
identify three groups: (1) harmonic events containing a fundamental



K.I Konstantinou, et al.

(@)

Velocity (m/s)

Frenquency (Hz)

—
O
~

()

-1e-07

-2e-07
-3e-07

-4e-07 L
0

-2e-07

3e-07

2e-07
1e-07

0

200 400 600 800 1000 1200 1400 1600 1800

o BT SN vy e
0 200 400 600 800 1000 1200 1400 1600 1800

Time (s)
6e-07 - il

4e-07

2e-07

-4e-07

0 500 1000 1500 2000 2500 3000 3500

500 1000 1500 2000 2500 3000 3500
Time (s)
6e-07 T

4e-07 |
2e-07
0
-2e-07
-4e-07

-6e-07 L

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Time (s)

0 500 1000 1500 2000 2500 3000 3500 4000 4500

Physics of the Earth and Planetary Interiors 290 (2019) 99-106

Fig. 2. Vertical component velocity waveforms and corresponding spectro-
grams for (a) harmonic tremor with gliding recorded on 17 May 2002 at
19:43:42, (b) broadband tremor recorded on 28 May 2002 at 01:04:48, and (c)
mixed tremor episode recorded on 1 April 2003 at 09:34:32. All times refer to
UTC time frame.

frequency and higher overtones, (2) broadband events where no spe-
cific spectral peaks could be observed, and (3) events that started as
harmonic but switched to broadband and back to harmonic (hereafter
called mixed tremor). In tremor events that contain higher overtones, a
common feature is the presence of gliding where the overtone fre-
quencies may steadily increase (“gliding-up”) or decrease (“gliding-
down”) in unison. Fig. 2 shows waveforms and spectrograms of one
representative example from each of these groups. We subsequently
deconvolved the instrument response and bandpass filtered the vertical
component waveforms of each tremor event between 0.5 and 15Hz in
order to remove microseismic and higher frequency noise. We then
calculated the envelopes of displacement waveforms and converted
them to reduced displacement Dz which is a normalized amplitude
metric for volcanic tremor (Aki and Koyanagi, 1981). As mentioned
earlier, tremor at Erebus likely has a deep source of several km below
the main crater, therefore it is reasonable to assume that the tremor
wavefield consists mostly of body waves. In this case Dg = (A/
2V2) X (r/M), where A is the tremor amplitude, r is the distance of the
station from the lava lake (i.e. the tremor source depth is not taken into
account) and M is the sensor magnification given by Romero (2004).

Except from seismic signals related to volcanic activity, the network
around Erebus also records signals generated by activities such as ice-
berg breakup and drifting. Talandier et al. (2002) were the first to
observe such signals recorded by seismic stations in French Polynesia
during late 2000. The authors attributed them to icebergs calving off
the Ross Ice Self and subsequently drifting in the Ross Sea. More im-
portantly, these signals appeared to be very similar to volcanic tremor
exhibiting frequencies up to 7 Hz and in many cases several overtones
were also present. Romero (2004) investigated whether any of these
iceberg tremor signals were recorded by the Erebus seismic network.
This search showed that out of 13 tremor events reported by Talandier
et al. (2002) only 4 of them were actually recorded by stations at
Erebus. In a later study, Martin et al. (2010) analyzed a long-lasting
tremor signal generated by iceberg breakup at Cape Adare (NW of
Erebus) and compared its spectral characteristics across stations whose
distance ranged from 0.7° to 17.9°. These stations also included station
CON (at a distance 5.6°) that recorded the iceberg tremor as a low-
frequency (< 2 Hz), low-amplitude signal. Compared to other stations
that were more distant than CON from the iceberg source, the signal
recorded at CON appeared depleted in higher frequency energy. This
observation can be easily explained by considering the high levels of
intrinsic and scattering attenuation beneath Erebus (Zandomeneghi
et al.,, 2013). In order to avoid the inclusion in our dataset of iceberg
tremor, we screened the initial 278 events by selecting a subset of 72
events with significant energy above 4Hz and mean reduced dis-
placement of 5cm? or higher. One could argue that these selection
criteria may be adequate to exclude far-field iceberg tremor but not
iceberg signals that originate close to Ross island. Kirkham et al. (2017)
investigated the scaling behavior of iceberg tremor signals that are
produced during glacier calving and during the disintegration of ice-
bergs when they are drifting in the open ocean. The authors showed
that while seismic signals due to iceberg disintegration follow a log-
normal scaling law, signals generated by iceberg breakup near the
calving front exhibit power law behavior. In this sense we would expect
that if iceberg tremor occurs near Ross island, it will be associated with
iceberg breakup near the calving front of the Ross Ice Self and will
follow a power law scaling. On this basis, the analysis of duration-
amplitude scaling described in the next section will be able to detect
any power law behavior if it exists in our data.
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3. Duration-amplitude scaling

In order to analyze the duration-amplitude scaling of each tremor
event the onset and end times of each tremor episode were estimated by
considering a lowest threshold value of D ranging from 3 to 5 cm? even
though we found that the fitting results were not significantly different.
Cumulative duration in seconds was then calculated for a set of dif-
ferent reduced displacement values as shown in the example of Fig. 3.
Following Benoit et al. (2003) we fit to the duration-amplitude dis-
tribution of each tremor episode first an exponential law of the form

d(Dg) = die™PR @

where Dy is the tremor amplitude, d is the duration of tremor with
amplitudes larger than Dg, d is the total duration of the tremor episode
and A is the slope of the line. The inverse of the slope A~' can be
considered as the mean or characteristic amplitude of the distribution
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and can also be taken as proportional to the geometric dimension of the
tremor source. The power law that we fitted to each distribution has the
form of

d(Dg) = d(Dp)™" (2)

where v is the slope of the power law line. We evaluated the goodness-
of-fit for each of these models by calculating the correlation coefficient
(R?) and also by performing a chi-square (y?) test in a similar way as
Benoit et al. (2003). It should be noted that the main function of the xz-
test is to give statistical bounds of how likely it is for a particular model
to fit the observations, rather than unambiguously accept or reject any
given model. For all 72 selected tremor events we find that they can be
fitted better with an exponential rather than a power law, as attested by
the high values of the correlation coefficient and the > test using a
confidence level of 95% (Fig. 4). This precludes the possibility that any
of these signals are related to iceberg calving near Ross island, or that
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rock fracturing processes may be operating at the tremor source. It also
implies that if the tremor source is scale-bound, then the characteristic
amplitude (i.e. A™') of each event should be inversely proportional to
its observed lowest frequency. Fig. 5 shows this kind of relationship,
where almost all of the studied tremor events attain increasing char-
acteristic amplitudes as their lowest frequency decreases. The catalog of
the tremor events analyzed, as well as information about the fitting
parameters (d, A, v) and about R* and x>test can be found in Table S1
of the supplementary material that accompanies this work.

4. Source mechanism of tremor
4.1. Plumbing system and potential tremor models

Current knowledge about the plumbing system beneath Erebus
comes mostly from studies of gas emissions and petrological analysis of
bombs ejected during Strombolian eruptions. In particular, the mag-
matic system consists of three parts: a deep mantle reservoir; a shallow
magma chamber; and the lava lake in the inner crater (Fig. 6). The deep
mantle reservoir contains basanite and acts as the primary source of
melt and CO, which is the main gas phase exsolved (Oppenheimer
et al., 2009, 2011). The constant levels of lava in the lake and the lack
of any edifice deformation preclude the occurrence of frequent injec-
tions of basanite into the shallow magma chamber and point to a
constriction in the conduit that connects the two reservoirs
(Oppenheimer et al., 2011). This has as a consequence that melt can go
through only episodically, while large quantities of CO, can pass and
ascend towards the lava lake as decompressed slugs. The shallow re-
servoir extends from 7.5km to 4km as suggested by the mineral as-
semblage of ejected bombs (Moussallam et al., 2013). It is connected
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with the lava lake through a conduit where bi-directional flow may
occur, in the sense that gas-rich melt ascends in the central part of the
conduit, while degassed magma flows downwards along its periphery.
This bi-directional flow is responsible for the vigorous convection ob-
served in the lava lake and in the shallow magma chamber, as inferred
from textural analysis of anorthoclase feldspar megacrystals
(Moussallam et al., 2015).

The tremor source at Erebus is located within the same depth range
as the shallow magma chamber (~5-7 km) and the duration-amplitude
analysis suggests that it exhibits a characteristic length scale. It is also
capable of generating harmonic and broadband signals or display
sudden transitions from harmonic to broadband and vice versa. The
mechanism of nonlinear excitation by fluid flow proposed by Julian
(1994) could explain these sudden transitions and would operate at
places within the plumbing system of Erebus where constrictions exist.
However, this model has been built on the assumption that the fluid is
basaltic melt with viscosity 500 Pa s that can flow fast enough so as to
excite oscillations of the conduit walls (see Rust et al., 2008). The bulk
viscosity of phonolitic magma at Erebus has been estimated to be 10°>
Pa s, even though it may be 0.5-1.5 log units lower if the effect of
dissolved volatiles in the form of bubbles is taken into account (Le Losq
et al., 2015). In either way such viscosity is several times larger than
what is assumed in Julian's model and makes high flow speeds difficult
to attain. An alternative model for tremor generation would be eddy
shedding (Hellweg, 2000), where vortices are created as fluid flows past
a geometrical obstacle and these vortices exert a variable force on the
conduit walls that in turn generates seismic waves. For this mechanism
to excite tremor with a fundamental frequency close to 0.7 Hz through
an obstacle with a linear dimension between 10 and 100 m, the flow
velocity must be in the order of several tens of meters per second (see
Fig. 4 in Hellweg, 2000). This condition is again unlikely to be satisfied
within the shallow magma chamber given the high viscosity of the
phonolitic melt.

Oscillations of bubble clouds have been previously suggested as a
potential mechanism for tremor generation at Kilauea volcano, Hawaii,
which also hosts a permanent lava lake (Matoza et al., 2010; Unglert
and Jellinek, 2015). In such a mechanism geometrical irregularities in
the walls of the shallow magma chamber may act as sites where as-
cending bubbles of CO, concentrate and form clouds. Oscillations of
such clouds with harmonic or broadband signatures can be generated
depending on the arrangement of the bubbles, the variations in their
radii and on the degree of heterogeneity of the pressure and flow field.
Bubble cloud oscillation represents a source with a characteristic length
scale determined by the geometrical irregularities of the plumbing
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Lava lake

gas slug

bubble cloud

shallow magma
chamber

Fig. 6. Cartoon illustrating the geometric configuration of the plumbing system beneath Erebus based on available information (see text for more details). Straight
arrows indicate the movement of the gas/melt, while curved arrows indicate convection. Bubble clouds may form at geometrical irregularities of the magma chamber
walls and oscillate as a result of different pressure and flow fields. The characteristic length scale of the clouds (L; and L,) is then determined by the geometry of the

irregularity itself.

system near which the bubbles tend to accumulate (cf. Fig. 6), and
hence may produce different populations of tremor characteristic am-
plitudes. This mechanism is also consistent with the observation that
the ascending gas slugs at Erebus are more oxidized than the lava lake
itself, which can be explained only if gas first accumulates near aspe-
rities of the plumbing system before ascending to the surface episodi-
cally (Moussallam et al., 2014). In the next section we examine whether
the necessary conditions for bubble cloud resonance at Erebus are ful-
filled.

4.2. Conditions for bubble cloud resonance

Resonance of a bubble cloud can occur on condition that the re-
sonance frequencies lie within the range of t,~* and t, ! (Ichihara and
Kameda, 2004), where 7 is the characteristic time of volatile transfer
into and out of the bubbles by diffusion, while 7, is the characteristic
time of bubble expansion which primarily depends on melt viscosity.
Ichihara and Kameda (2004) have defined the characteristic time of
mass transfer into and out of the bubbles by diffusion of volatiles as

Ty = 21R?/ 9Ky (P, Po/ pg‘aCeq/ oP)~2 3)

where R is the radius of the bubbles, kg is diffusivity of the volatile in
the liquid, pr, is density of the melt, P, is the magmastatic pressure, pg is
density of the gas and C.q(P) is volatile concentration that is in equi-
librium with the gas phase at pressure P. We assume the bubble radius
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R to be 1 mm, while we calculate diffusivity xg of CO, using the
equation (Dobran, 2001)

Ky = 6.2 X 107 exp(—144,600/R,T) 4

where R, is the gas constant equal to 8.31 J K~ 'mol ™' and T is tem-
perature which for Erebus magma is 1288K (Le Losq et al., 2015).
Substituting these values to Eq. (4) will give kg = 4.1 X 10~ m?/s.
The density of the Erebus melt is taken as 2433 kg/m® (Le Losq et al.,
2015) and then the magmastatic pressure can be easily calculated as
Py = pmgz, where g is acceleration of gravity and z is depth. For depth
values of 5km and 7km consistent with tremor source depths the
magmastatic pressure varies from 119 MPa to 167 MPa respectively. At
these depths and temperature we consider CO, to be a supercritical
fluid with density of 387 kg/m®. The solubility of CO, for various types
of magma is given by Ceq(P) = 4.4 X 107'2 x P (Dobran, 2001). Sub-
stituting these values to Eq. (3) will give t, = 7.6 x 107 s for a depth of
5km and 3.8 x 10”s for a depth of 7km. The corresponding fre-
quencies are 1.3 x 1078 Hz and 2.5 x 10”8 Hz that are much lower
than the lowest frequency (~0.7 Hz) that we can observe.

On the other hand, the characteristic time of bubble volume re-

laxation 7, is given by the equation (Ichihara and Kameda, 2004).
Tp = 87T7']/3YgP0 (5)

where n is the viscosity of the melt and vy is the ratio of specific heats of
the gas phase. We assume an average viscosity of 10>° Pa s for the
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magma at Erebus (Le Losq et al., 2015) while we take y; = 1.28 for
CO,. Then for a magmastatic pressure of 119 MPa (depth of 5km)
T, = 0.0109s and for 167 MPa (depth of 7km) t, = 0.0078s. This
implies frequencies that range from about 91 Hz up to 128 Hz. Even if
we increase the viscosity to the value consistent with degassed magma
(~10%2 Pas), inferred by Le Losq et al. (2015), we obtain frequencies of
9Hz and 13 Hz respectively that are close to the highest frequencies
observed in our dataset. We conclude therefore that resonance of
bubble clouds is a plausible mechanism for tremor generation at Erebus
for the full range of magma viscosity values.

4.3. Timescales of oscillation forcing and damping

Another issue that has to be considered is whether the viscosity of
phonolitic magma is so high that may damp the oscillations of the
bubble cloud very quickly without allowing long duration tremor to be
generated. In order to investigate this, in what follows we calculate the
range of potential values of the forcing and damping timescales of
bubble cloud oscillations. The characteristic frequency f. of the bubble
cloud oscillations is connected to the physical properties of the melt and
the characteristic length of the source L. by the relationship (Unglert
and Jellinek, 2015).

f. = 1/21 (3Py/dp,,LcA)? 6)

where ¢ is the average porosity of the bubble cloud. Assuming that
¢ = 0.1 and for magmastatic pressures at 5 and 7 km, the characteristic
length corresponding to f. = 0.7 Hz is in the range of 276-326 m re-
spectively. Higher values of average porosity will produce a progres-
sively less continuous cloud mixture and will increase significantly the
viscosity of the magma (e.g. Gonnermann and Manga, 2007). Based on
the plumbing system configuration beneath Erebus described pre-
viously, the bubble cloud is most likely forced into resonance by ver-
tical and lateral flow of melt controlled by the geometrical irregularities
of the shallow magma chamber. The timescale ¢ of this forcing can be
approximated as L./V,, where V,, is the flow speed of magma. The flow
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speed is likely quite small, in the order of 0.1 m/s if we consider the
measured speed of the lava lake surface (Oppenheimer et al., 2009). For
the values of L. calculated above we obtain t; = 2758-3263 s that
should be smaller than the time needed for the oscillations to be
damped. The time that the bubble cloud oscillation needs in order to get
damped can be approximated by the relationship (Unglert and Jellinek,
2015).
T4 = meCZ/Y] (7)
Fig. 7 shows the falloff of damping time for the two characteristic
lengths as a function of melt viscosity within the range of values ap-
propriate for Erebus. It can be seen that for viscosity lower than 10°°
and 10%2 Pa s the value of 14 is larger than the forcing time for the two
characteristic lengths. This means that magma that is rich in bubbles
will tend to have lower viscosity (Pistone et al., 2013; Le Losq et al.,
2015) and therefore will produce damping times that are longer than
the corresponding forcing times.

5. Conclusions

We analyzed 72 tremor events recorded from May 2002 until April
2004 in order to understand their spectral properties and the scaling
behavior of their duration-amplitude distribution. Based on their fre-
quency content these events were grouped into three categories,
namely harmonic, broadband or a mixture of these two states, with
observed frequencies between 0.7 and 13 Hz. The duration-amplitude
distribution of all tremor events analyzed follows an exponential law
which suggests that the tremor source exhibits some characteristic
length scale. This casts doubt on the hypothesis that these signals are
generated by a fracture-related process such as iceberg calving, or by a
destructive source that requires rock fracturing within the Erebus
plumbing system. Previously proposed tremor source models require
high flow speed for magma (> 1 m/s) in order to excite different os-
cillation mechanisms, a condition which is unlikely to be fulfilled at
Erebus due to the relatively high viscosity of its melt. On the other
hand, oscillations of CO, bubble clouds is a plausible mechanism for
tremor generation at Erebus for two reasons: first, it is consistent with
observations which require that before ascending to the surface as a
slug, gas accumulates near localized asperities within the plumbing
system; and second, fixed geometrical properties of these asperities may
give rise to scale-bound sources. Such a source mechanism has been
already invoked in order to explain tremor observed at Kilauea volcano,
Hawaii, which shares common characteristics with Erebus in terms of a
geometrically complex plumbing system and the existence of a per-
manent lava lake. Thus far bubble cloud oscillations have received
much less attention compared to other potential tremor sources, even
though such a mechanism may be important in volcanoes that exhibit
vigorous convection in their shallow plumbing system. Future studies
should therefore focus on better understanding this tremor source by
performing numerical and/or analog modeling under different flow and
boundary conditions.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.pepi.2019.03.010.
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