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Abstract

The gradual temporal shift of the spectral lines of harmonic seismic and/or acoustic tremor, known as
spectral gliding, has been largely documented at different volcanoes worldwide. Despite the clear
advantage of the experimental approach in providing direct observation of degassing processes and
related elastic radiation, experimental studies on gliding tremor are lacking. Therefore, we
investigated different episodes of gliding of acoustic and seismic tremor observed during analogue
degassing experiments performed under different conditions of magma viscosity (10-1,000 Pa s), gas
flux (5-180x10731/s) and conduit surface roughness (fractal dimension of 2-2.99). Gliding experimental
harmonic seismic and acoustic tremor was observed at high gas flux rates and viscosities, mostly
associated with an increasing trend and often preceding a major burst. Decreasing secondary sets of
harmonic spectral lines were observed in a few cases. Results suggest that gliding episodes are mostly
related to the progressive volume variation of shallow interconnected gas pockets. Spectral analyses
performed on acoustic signals provided the theoretical length of the resonator that was compared
against the temporal evolution of the gas pockets, quantified from video analyses. The similarities
between the observed degassing regime and churn-annular flow in high viscous fluids encourages
further studies on churn dynamics in volcanic environments.

Keywords: seismo-acoustic gliding, experimental volcanology, churn-like flow, acoustic resonance,
volcanic tremor
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1. Introduction

Volcanoes generate tremors that are defined as continuous signals with duration of minutes, days or
even longer. Volcanic tremor is considered one of the most distinctive signals recorded at a volcano
(McNutt and Roman, 2015 and references therein). In most volcanoes worldwide, the energy of
volcanic tremor is generally contained in the frequency band 0.5 -10 Hz (e.g. McNutt and Nishimura,
2008 and references therein). Harmonic tremor is a particular type of tremor, whose spectrum is
characterized by the presence of regularly spaced peaks, which sometimes gradually change over time
giving rise to gliding spectral lines on the spectrograms (e.g. Almendros et al., 2012; Hotovec et al.,
2013). This phenomenon, known as gliding, has been observed in many volcanoes worldwide such as
Arenal (Hagerty et al., 2000; Almendros et al., 2012), Veniaminof (De Angelis and McNutt, 2007),
Semeru (Schlindwein et al., 1995), Lascar (Hellweg, 2000), Montserrat (Neuberg et al., 2000), Redoubt
(Hotovec et al., 2013), Reventador (Lees et al., 2008), Sangay (Lees and Ruiz, 2008), Erebus (Rowe et
al., 2000) and Stromboli (Ripepe et al., 2009). Gliding has been mainly recorded in the seismic signals,
but the cases of observation of seismic-acoustic gliding are increasing in number in the last years (e.g.
Johnson and Lees, 2000; Lees et al., 2008; Ichihara et al., 2013). It is also worth noting that gliding with
increasing frequency patterns has been observed preceding explosions at some volcanoes such as
Arenal (Lesage et al., 2006), Soufriere Hills (Powell and Neuberg, 2003) and Redoubt (Hotovec et al.,
2013). Although gliding tremor is quite commonly observed in active volcanoes, its source mechanism
is still open to debate (e.g. Hotovec et al., 2013). A wide variety of models have been suggested to
explain the generation mechanism of harmonic tremor and the associated gliding phenomena, such
as resonance of portions of plumbing system, resonance of gas-filled bubbles, a combination of
discrete pulses producing evenly spaced harmonics, non-linear fluid flow and/or non-linear responses
to fluid flow (e.g. Chouet, 1985; Hellweg, 2000; Jellinek and Bercovici, 2011; Hotovec et al., 2013).
Noteworthy, the assumption of a specific source model for seismo-acoustic harmonic tremor heavily
influences the way we decode changes in time and frequency domain, with implication both for

monitoring and research purposes.
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In this context, analogue laboratory experiments of volcanic processes are a fundamental tool because
they incorporate the physics of numerical models with the generation of actual seismo-acoustic
observations that can be compared to data from volcanoes (Lyons et al., 2013). Among the plethora
of experimental works devoted to the investigation of seismic and acoustic radiation of scaled volcanic
degassing processes (e.g. Lane et al., 2001; James et al., 2004; Arciniega et al., 2014), sustained seismic
and/or acoustic radiation has been addressed by a relatively smaller number of studies (e.g. Benson
et al., 2008; Fazio et al., 2019; Lyons et al., 2013; Spina et al., 2019). Among these, Clarke et al. (2019)
found that tremor was observed only in the early stages of low-viscosity fluid venting and
hypothesized fast-moving gas as preferential source. The generation of seismic and seismo-acoustic
harmonic tremor has been related to the occurrence of stable degassing path of compressed air in
high-stiffness visco-elastic fluids in a controlled-valve system by Lyons et al. (2013). More recently,
Spina et al. (2019) observed that conduit roughness and analogue magma viscosity influence with
opposite trends the power law equation linking squared seismic amplitude of tremor to gas flow rate.
Although gliding of the spectral lines can be theoretically predicted by the above mentioned models
and experiments and it is quite frequently reported in nature, direct observation of harmonic tremor
gliding in laboratory environments is lacking. Here, we aim to overcome this gap by examining several
gliding episodes of seismic and acoustic signals generated during scaled analogue experiments. The
experiments aim to reproduce different degassing regimes mainly slug and churn to annular flow, that
have been commonly assumed to occur in medium to low-viscosity magmas within the shallow
conduit (e.g. Vergniolle and Jaupart, 1986; Pioli et al., 2012; Spina et al., 2019). This goal was achieved
by injecting controlled air flux (5-180x1072 I/s) in analogue conduits with variable conduit roughness
(fractal dimension changing from 2, 2.18 and 2.99) and analogue magma viscosity (10, 100 and 1,000
Pa s; for further detail see Spina et al., 2019). Among the several recordings of seismic and/or acoustic
tremor, different episodes of gliding were observed and characterized here by comparing their
spectral properties against the temporal evolution of the spatial pattern of the two-phase mixture,

performed by image analysis. Our study aims to determine the experimental variables (in other words
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the degassing condition) that influence the occurrence and evolution of harmonic tremor gliding and

the best matching source model valid for the observed degassing processes.

2. Materials and methods

2.1 Data treatment

The experimental setup, used to mimic degassing processes taking place in the upper portion of the
volcano plumbing system and the related elastic radiation, is described in detail in Spina et al. (2018;
2019) and in Giudicepietro et al. (2020) and is composed of two parts: i) the analogue conduit,
reproducing volcanic degassing phenomena, and ii) the sensor system, used to record the associated
accelerometric and acoustic signals. The analogue conduit is made up of a compressor system
connected to a set of flow-meters and that allows gas (air) to be injected into epoxy conduits (mean
diameter of 3 cm and length of 80 cm) filled with silicone oils (Wacker©, with density of 970 kg/m?3)
that act as an analogue for basaltic magma. As for (ii), it consists of a ceramic shear accelerometer ICP
1352C33 model (PCB Piezotronics) with a sensitivity of 0.1 V/g in the band 0.5-10,000 Hz, and a
microphone ICP 378B02 model (PCB Piezotronics) with a sensitivity of 50 mV/Pa in the band 7-10,000
Hz (+1 dB). The digital acquisition system is a DAS50 (SEFRAM). Both accelerometric and acoustic
signals were acquired at a sampling rate of 50 kHz. A video camera recording at 25 fps allowed for

visual observation of degassing processes.

A series of experiments, with durations ranging from about 60 to 100 s, were carried out by
systematically changing the conditions in terms of roughness of the epoxy conduits, viscosity of the
analogue magma and air flow rate. In particular, the roughness of the epoxy conduits, quantified by
the fractal dimension (D) of the internal surface, is equal to 2 (smooth conduit, referred to as “C1”),
2.18 (“C2”) and 2.99 (“C3”). For further details, on the protocol implemented to realize fractal epoxy
conduit with well-constrained internal geometries, see Spina et al. (2019). Concerning the viscosity,

three oil types with viscosity values of 10, 100 and 1,000 Pa s were used. Finally, the air flow rates
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were fixed to 5, 10, 30, 60, 90, 120, 150, 180x1073 I/s. Hence, 72 (3x3x8) conditions were tested. We
additionally included in the dataset some runs with repeated experimental conditions because they
exhibited clear or illustrative examples of gliding. After each change of gas flux, we carefully waited
several minutes before recording seismo-acoustic signals and video images to ensure stable degassing
conditions were achieved. Therefore, hereafter, the zero time of each experimental run represents

the starting time of recording after a stable degassing regime has been reached.

2.2 Methods

To extract information on the harmonic patterns producing the gliding phenomena, Short Time
Fourier Transform (STFT) was performed on both accelerometric and acoustic signals by using a 1-s-
long sliding window, with an overlap of 0.9 s (Figure 1). In particular, we focused on the 10-10,000 Hz
band, which is the shared band of flat response for both the accelerometer and the microphone. Then,
we selected the experiments showing the clearest gliding evidence and for those experiments, in the
acoustic spectrograms, we identified a set of evident consecutive harmonics, generally falling in an
intermediate frequency range (indeed, the harmonics at low frequency are often hidden by noise, and
the ones at high frequency show low amplitudes). Those harmonics are tracked by manually
identifying a set of points in the spectrograms, each of which characterized by a pair of time-frequency
values. The obtained frequency values are interpolated on an equispaced time scale, common for all
the selected harmonics. Then, we compute the frequency spacing Af between consecutive harmonics
at each time step. Finally, the obtained values of Af for each time step were averaged, to obtain an
average length L of the resonator at a given time, under the assumption of a closed-closed or open-
closed pipe resonator system (Section 3 for more details). The experimental condition of this subset
of experiments is described in Supplementary Table 1. Acoustic signals exhibit most clearly and more
often gliding episodes and were taken as a reference for this task. It is worth noting that in most cases,
due to intense low frequency noise, it was not possible to clearly identify and track the harmonics with

lowest frequencies, among which the fundamental mode.
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Figure 1: Examples of signals recorded by microphone (a,e) and accelerometer (b,f) and corresponding
spectrograms (c,d,g,h) calculated by using a 1-s-long sliding window, overlapped by 0.9 s. In particular,
the signals in (a,b) were recorded during the experiment with the following conditions: roughness C2,
silicone oil viscosity of 1,000 Pa s and air flow rate of 120x107 I/s. The signals in (e,f) during the
experiment with the following conditions: roughness C1, silicone oil viscosity of 1,000 Pa s and air flow
rate of 180x1072 I/s. The black and white dots in (c,d,g,h) indicate the temporal variations of the most
evident harmonics with increasing and decreasing frequency patterns, respectively.
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The parametrization of the degassing regime at different time steps has been performed by analyzing
video images by using Tracker© software. In Figure 2 (a,b,c,d), we show a schematic representation
of the analogue conduit at 0, 30, 60 and 90 s, respectively. The light azure color indicates the
distribution of the gas phase in the system, mostly featuring a train of connected pockets of gas,
whereas white color indicates silicone oil fluids. In order to characterize their spatial and temporal
distribution, we focused on two parameters: i) the position of the termination (e.g. points A, B, C and
D in Figure 2a,b,c,d) and ii) the length of each gas pocket (e.g. segments AB, CA in Figure 2a,b,c). These
two variables were tracked with a semi-automatic approach; at time zero, the starting key frame, we
defined a template area (an image of a feature of interest, that is searched for best matches in the
following frames) and a target (the position at which points are marked relative to the template when
matches are found). New key frames were defined when very rapid variation of the gas phase
distribution caused failure to identify the correct point. The evolution of the investigated points,
marking the termination of a gas pocket, is sampled at time steps of 5 frames, as shown in Figure 2e.
The difference between consecutive termination points provides the length of the gas pocket, as

shown in Figure 2f.
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Figure 2: (a,b,c,d) Simplified sketches of gas distribution at different time intervals (0, 30, 60 and 90
seconds, respectively) for an experiment performed with the following conditions: roughness C1,
silicone oil viscosity of 1,000 Pa s and air flow rate of 90x1073 |/s. Capital letters mark the termination
(A, B, C, D) or the total length (AB, CA) of a gas pocket. Note that the sketches of the conduit in a-d
have been rotated of 90 degrees to the right (i.e. the experiments were performed with vertically
orientated conduits). The green oval in (a-d) represents the gas injector. (e, f) Analysis of the temporal
evolution of gas pockets through video images. Red, yellow, green and blue stars indicate the temporal
position of the sketch a, b, c and d. In (e) the position of the different gas pocket terminations is tracked
through time, whereas in (f) the length of the gas pockets (i.e. the distance between consecutive gas
pocket terminations) is plotted.

3. Results

Harmonic acoustic and seismic tremor has been commonly observed during our experiments, with
more clear and stable patterns particularly for high viscosity runs. Acoustic signals exhibited much
clear patterns compared to seismic data and were taken as reference for frequencies picking of the
spectral lines (Figure 1). Stable harmonics might last tens of seconds, quite often they are disrupted
by the burst of gas pockets at the surface. In some cases, the explosive release of gas, accompanied

by an increase in the amplitude of both accelerometric and acoustic signals, marks the onset for a new
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series of harmonics. The concurrent variation of the frequency of each spectral line of the harmonics,
i.e. agliding episode, was more often observed to follow a positive (increasing) trend (upward gliding).
Secondary sets of gliding harmonics, with smaller spectral amplitudes, were also observed. In several
cases, the latter are characterized by a negative (decreasing) pattern of the spectral lines (downward
gliding).

In Figure 3, we mapped the experimental conditions featuring episodes of gliding of the
accelerometric (blue solid square) and acoustic (red empty square) signals, cross-checked with the
transition among different regimes as reported in Spina et al. (2019). Slug flow was characterized by
the presence of single conduit-filling gas slugs moving upwards, the liquid at the conduit wall moving
downward to allow for gas migration (e.g. Pioli et al. 2012). The definition of churn/annular-like flow
has been here given according to the following: 1) Direct observation of degassing behavior provided
the canonical progression from spherical cap bubble to Taylor bubble characterizing slug flow (e.g.
Pering and McGonigle, 2018). Further increases in flow rate induced disruption of the slug regime and
a new degassing pattern characterized by gas phase being localized at the core of the system, with the
liquid phase intermittently driven up along the conduit wall, as commonly described in churn flow. An
additional increase in gas flow rate has been associated to mostly sustained liquid phase at the wall
surrounding an open gas core, similarly to annular flow. 2) The motion of liquid phase at the wall of
the conduit, alternating downward flow to impulsive and intermittent upward motion resembles the
definition of flooding (i.e. the flow is carried upward in large waves; Hewitt et al,. 1985) that is quite
typical for churn degassing regime. 3) The description of the degassing pattern corresponds to what
provided in Mohammed et al. (2018, 2019) and Hasan et al. (2019) (Section 4 for more details) for
transition to churn flow and churn flow in high viscous fluids. Nevertheless, gas pockets generating
harmonic tremor were often observed within 10 diameters D from the gas inlet (D=3 cm, hence within
30 cm); that is conventionally considered the minimum length to achieve fully developed flow. Such
intrinsic limitation of the experimental setup could possibly influence the stability of the degassing

regime; additionally, the unprecedented high viscosity of the analogue fluids makes difficult direct
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comparison to very low viscous fluids (as those commonly used in the classical two-phase theory). For
such reasons, we use the definition of churn and annular-like regime to remark that degassing pattern
exhibits several similarities with canonical churn and annular regime.

Gliding tremor has been observed independently from the fractal dimension of the experimental
conduit, i.e. conduit roughness does not seem to play a primary role in its generation. Scrutinizing the
24 combinations of gas flux and viscosity here investigated, we found 15 observations of gliding, all
distributed in the churn/annular-like flow regime of high-viscosity analogue magmas. Additionally, no
episodes of gliding tremor have been associated with experiments performed with 10 Pa s analogue
magmas, suggesting that both the degassing pattern and the viscosity of the analogue magma play a
relevant role. Experiments performed at 1,000 Pa s display the clearest and most widespread gliding
episodes. At 100 Pa s, gliding tremor has been observed in association with very high flux rate

(>120x1073 I/s).
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Figure 3: Experimental conditions (viscosity and gas flux) where spectral gliding was observed. Blue
squares correspond to observations of gliding in the accelerometer signal, whereas red empty squares
mark gliding episodes in the microphone data. The azure and yellow shadow zones indicate the
experimental conditions linked to slug and churn/annular-like degassing regimes by visual observation
in Spina et al. (2019). The total number of experiments shown in this graph is equal to 15. Please note
that data points overlap at experimental conditions corresponding to: 1) 1,000 Pa s and 180x103 I/s (3
points), 2) 1,000 Pa s and 120x1073 I/s (2 points), 3) 1,000 Pa s and 90 x1073 I/s (2 points), 4) 100 Pa s
and 180x103 I/s (3 points).
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Therefore, to identify and study the source of gliding tremor, we addressed more strictly the
corresponding dynamics of the two-phase analogue system both by visual characterization of the
degassing regime and by tracking the evolution in time of spatial parameters such as the position of
the termination of individual gas pockets and their length.

At 1,000 Pa s, as schematically represented in Figure 2a-d, the two-phase flow consists of different
regions of gas pockets, connected to an open core at the outermost section of the analogue conduit.
In fact, at the disruption of the slug regime, Taylor bubbles lose their round shape and liquid slugs
between bubbles disappear; churn areas are connected to the deformed bubbles by a small neck
(Mohammed et al., 2018). The progressive transition from long bubbles (characterizing the high-flow-
rate runs at the boundary with the slug flow regime) to the new degassing regime (characterized by
over pressurized and interconnected gas pockets) becomes more evident with increasing flow rate.
These gas pockets usually move progressively forward, due to their overpressure, until the shallowest
one bursts at the top of the liquid column, providing new liquid material above the underlying gas
unit. For high flux rate runs (>120x10731/s) at 100 Pa s exhibiting gliding tremor the dynamics of gas
burst at the surface are much faster than at 1,000 Pa s and characterized by longer bubble and regions
of churn-like behavior that are less stable in time. Slug units with similar length of the liquid column
have been observed in 100 Pas experiments; this observation implies undeveloped slug flow for this
experimental condition, similarly to previously published papers (Hasan et al., 2019).

The evolution of the two-phase flow in time has been mapped by tracking the spatial position of
different gas pockets terminations, i.e. points marking either the top or the bottom of gas pocket.
Figures 4 and 5 provide the evolution in time of the position of gas pockets terminations (panel a) and
the length of gas pockets (panel b) of the experiments shown in Figure 1a-d and Figure 1le-h,
respectively. The corresponding videos are shown in Supplementary Videos 1 and 2. In both cases,
we observe an opposite volumetric change of contiguous gas pockets associated with the presence
(panel c) of a positive trend of a gliding episode in the primary (i.e. dominant for spectral amplitude)

harmonics and of a negative trend in the secondary set of harmonics. Supplementary Figures 1 to 6

11
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Figure 5: (a) Temporal evolution of gas pockets through video images. The experimental conditions
are: viscosity 1,000 Pa s, gas flux 180x107 I/s, conduit roughness C1 (run 353). From the lowest to the
highest gas pocket at time zero: E (azure line), D (green line), C (purple line), B (yellow line), A (blue
line). The distance of each point is taken with reference to the conduit base. (b) Length of gas pockets
AB (blue line), BC (red line), CD (yellow line), DE (purple line). Blue and green dots represent the
modelled length of the resonator for the group of primary harmonics (Harm1) with positive trend and
for the secondary harmonics (Harm2) with negative envelope. (c) Frequency values of different spectral
lines (f1, f2, etc.) of the principal group of harmonics (colored dots) and of secondary harmonics
(colored crosses).

Among the different models suggested to explain harmonic tremor and the associated gliding
phenomena, cited in Section 1, we tested whether a model of resonance of the gas pockets could
justify the frequency values, as well as their temporal variations, observed in the spectrograms of both
accelerometric and acoustic signals. In particular, since such gas pockets have a roughly cylindrical

shape, we took into account a simple pipe-like resonator model. In the case of closed—closed gas

pocket, we expect to observe nA/2 (A = wavelength, n=1,2,3,...) waves as longitudinal resonance

13
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modes, while, if one end is open and the other closed, (2n-1)A/4 waves should be observed (e.g. De
Angelis and McNutt, 2007). The closed ends of the gas pockets can be considered as the constrictions
connecting contiguous units. Hence, the set of frequencies f characterizing the resonance-generated
harmonics will be (Kobayashi et al., 2010, and references therein):

f=nv/(2L) with n=1,2,3,... (1)

f=nv/(4L)  withn=1,3,5,.. (2)
in the case of closed—closed and closed-open churn units, respectively. The term v indicates the
acoustic velocity of the air filling the churn unit, and L the length of the gas pockets. By these
equations, a relationship linking the resonator length with the frequency spacing between consecutive
harmonics (Af) can be obtained:

L =v/(2* Af) (3)
valid for both closed—closed and closed-open systems. As it was difficult to reconstruct the whole set
of harmonics composing the observed gliding especially at low frequencies, equation (3) was used in
place of equations (1) and (2) to constrain the theoretical lengths of the resonating gas pockets. The
theoretical average length of the resonator at a given time, computed following the procedure
detailed in Section 2 and using equation (3) is plotted in Figures 4 and 5 (panel b) and Supplementary
Figures 1 to 6 as colored dots to verify whether such a resonating model is able to justify the observed
gliding phenomena.

In case of a closed-open system and pipe width relatively large with respect to the length, the end
effects should be considered. In that case, the effective pipe length, determining the resonance
frequencies, is given by (Johnson et al., 2018 and references therein):

Lgy=L+AL=L+8a/(3m) (4)
where a is the gas pocket radius. Considering a radius of 1.5 cm and assuming a gas pocket length
ranging from 5 to 20 cm, neglecting the open-end correction in equation (3) leads to an overestimation

of the resonating churn unit length equal to 25 - 6%, respectively.
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4. Discussion

Here we present the first study of seismo-acoustic harmonic gliding tremor generated during
laboratory experiments. Harmonic tremor has been widely generated in our experimental dataset, the
clearest and most stable examples being related to high viscosities and/or high flux rate conditions.
Gliding of harmonic spectral lines of the seismic and acoustic tremor has been observed exclusively in
the churn/annular-like flow regime, as shown in Figure 3. These observations suggest a relevant role
of the degassing pattern, hence of the spatial distribution of gas and liquid phases, at the onset of
harmonic tremor and on its gradual shift over time in our experiments. Churn flow is defined as an
intermediate flow regime occurring in between slug and annular flow patterns and characterized by
local flooding (i.e. the liquid is carried upward by the gas phase, e.g. Pioli et al., 2012, and references
therein). During churn flow the gas-liquid travels upward and downward in a churning or oscillating
movement with a resultant of upward flow (e.g. Mohammed et al., 2018 and references therein).
Whilst the majority of studies have addressed churn and annular regimes using low viscous fluids, such
as water or fluids with similar properties (e.g. Shah et al., 1982), only recently Mohammed et al. (2018;
2019) and Hasan et al. (2019) investigated churn flow in a high viscosity system and large-pipe
diameter (240 and 290 mm) using 330 and 360 Pa s silicone oils. They identify the transition from slug
to churn flow regime at a gas superficial velocity (that is the ratio between gas volume flux and pipe
cross-sectional area) of 0.127-0.108 m/s, the effective fully developed churn flow being observed at
higher superficial velocities of 0.336-0.566 m/s, similarly to Pioli et al. (2012). In our study, the range
of superficial velocities of 0.04-0.25 m/s (where gliding episodes were observed) included mostly the
disruption of slug flow and the so-called “transition to churn flow” (Mohammed et al., 2018, 2019)
and churn flow episodes with few observations of annular sustained flow. The discrepancies between
different setups are not surprising as transition between various regimes depends not only on the
liguid and gas properties but also on the geometrical aspect of the conduit and on the distributor
design, and scaling of highly complex and nonlinear two-phase behavior is a highly complex task

(Urseanu, 2000; Mohammed et al., 2019).
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According to Mohammed et al. (2018), regions of high frequency of the void fraction, likely due to
liquid bridges flowing up and down, appear upon reaching the above-mentioned threshold for the
transition to churn flow: indeed, the increasing gas flux forces coalescence between consecutive
elongated Taylor bubbles, that progressively lose their round shape. The liquid slugs between bubbles
progressively disappear and are replaced by churn areas that are initially connected to Taylor bubbles
by small necks. As the gas flow rate increases, a more complicated gas pattern appears, progressively
replacing elongated slugs. We hypothesized here that the observed small over-pressurized gas pockets
connected by thin necks and quite unstable, have a primary role in the generation of gliding tremor
patterns. Interestingly, Mohammed et al. (2018) reported similarity between the sound produced by
air passing through high viscosity liquids during their experiments and acoustic signals from Arenal
volcano in Costa Rica.

The generation of open and stable degassing pathways has been related to the observation of
harmonic acoustic signals by Lyons et al. (2013). The authors performed a set of degassing
experiments generating a harmonic signal by the flow of compressed air through a valve, located
below a tank of viscoelastic analogue magma. Clear harmonic oscillation and the transmission of the
signal to the atmosphere was observed only for high stiffness fluids, featuring open stable degassing
pathways (Lyons et al., 2013). Accordingly, we believe that the spatial distribution of the gas phase
and the efficiency of its coupling with the atmosphere plays an important role on the characteristics
of the observed seismo-acoustic tremor.

Based on this evidence, we assumed that gas pockets observed in a churn -like regime resonate as a
pipe-like resonator, and that their unstable dynamics might be responsible for the observed episodes
of tremor gliding. The theoretical lengths of the pipe-like resonators, constrained by equation (3),
matched quite well with the observed lengths of the gas pockets in six cases out of eight (Figures 4
and 5 and Supplementary Figures 1 to 6), suggesting how such a simple resonance model is able to
explain the recorded gliding phenomena. Similar to the model suggested by Lesage et al. (2006), the

resonance is likely to be triggered by the air escaping through the churn unit constrictions. In two
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other cases, particularly low Af values led to model long resonating pipes, which did not coincide with
any gas pocket, but rather with the conduit portion above the upper constriction (Supplementary
Figures 2 and 5). In accordance with this, previous laboratory studies have highlighted how the length
of a pipe portion open to the atmosphere determines the resonance frequencies observed in the
acoustic signals and might be triggered by the bursting taking place inside the pipe (Vidal et al., 2006).
In addition, it is particularly noteworthy that, even in cases when a double set of harmonics with
opposite patterns (increasing and decreasing frequencies with time) is observed, the pipe-like churn
resonator allowed modelling the observed antithetical length changes of two contiguous gas pockets
(Figures 4 and 5). Remarkably, both decreasing gliding episodes and the occurrence of different sets
of spectral peaks with independent gliding behavior, as here observed, were reported by Lesage et al.
(2006) for Arenal Volcano (Costa Rica). They invoke gas valve leaking caused by progressive pressure
decrease as the source of negative tremor gliding, similar to our experimental observations. In some
cases, gliding with increasing frequency pattern was observed preceding transients with higher
amplitude, recorded in both accelerometric and acoustic signals. This evidence matches well with
gliding phenomena observed before explosions on some volcanoes such as Arenal (Lesage et al.,
2006), Soufriere Hills (Powell and Neuberg, 2003) and Redoubt (Hotovec et al.,, 2013). In our
experiments, the higher amplitude transients observed in both accelerometric and acoustic signals
are accompanied by a quick upward migration of a gas pocket constriction and an explosive release of
gas. Hence, the phenomena that are likely to lead to such “explosions” are: i) gradual closing of a
constriction due to the downward flooding of the falling liquid film above; ii) increase of pressure
exerted by the gas on the constriction and slow upward migration of this constriction; iii) once a given
pressure threshold is reached, the upward migration of the constriction accelerates and the elastic
energy release increases. The (ii) and (iii) phenomena are accompanied by gliding with a main
increasing frequency pattern (slow and fast in case of (ii) and (iii) respectively), testifying the length

decrease of the churn unit located above the constriction.
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Churn flow has been hypothesized to occur in violent Strombolian up to lava fountain activities (e.g.
Pioli et al., 2008; Ulivieri et al., 2013). At Paricutin volcano, Pioli et al. (2008) suggested that the
transition between Strombolian and violent Strombolian (cineritic) eruption reflects the transition
between slug and churn flow resulting from differences in gas accumulation within the cone. Ulivieri
et al. (2013) assumed that the monochromatic acoustic signal recorded during oscillation of the
eruptive column during several episodes of fire fountaining at Mt. Etna are related to the churn flow
degassing regime. According to Fowler and Robinson (2018), the churn-turbulent regime is expected
for low viscosity basalts in wide conduits above a critical volume fraction threshold that depends also
upon magma properties and its ability to foam. Hence, the occurrence of mild Strombolian explosions
and more violent gas-and-ash-rich explosions are indicative of slug/churn annular flow, the latter
being more plausible for wide conduit (Fowler and Robinson, 2018).

A comparison between natural system and experimental observations requires to account for the
balance of the different forces acting on the two-phase systems. To this aim, we used the Buckingham
I1 Theorem (e.g. Brand, 1957) to define the relevant a-dimensional groups for the following physical
variables characterizing the experiments: 7 liquid viscosity, o liquid density, D conduit diameter, Ugas

gas superficial velocity, Dcnurn churn diameter, o surface tension. We obtained three a-dimensional I'T

groups
I, === (5)

M, =27 (6)

Il = e (7)

I, is equivalent to Oh?, where Oh stands for the Ohnesorge number, a dimensionless number
commonly use to relate viscous to inertial and surface tension forces whereas I3 is a dimensionless
gas pocket diameter. The comparison of the IT groups computed for natural basaltic systems, for our
experiments and for high-viscous churn flow studies is shown in Table 1. For the range of superficial

velocities (0.04-0.25 m/s) and viscosities (100 and 1,000 Pa s) characterizing the degassing regimes
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exhibiting acoustic and/or seismic gliding, a I1; on the order of 10%-10* was observed, similarly to
Hasan et al. (2019). For basaltic volcanoes, assuming a viscosity in the range 10%-10% Pa s and a surface
tension of 0.3 N/m, a value of IT; on the order of 102-10* would be compatible with a surface velocity
of 0.5-5 m/s, that implies a flux rate of 10%-10° m3/s (e.g. Ishii et al., 2019) for a conduit with diameter
of 15 m. A value of I'T; of 0.5-0.9 is compatible with an experimental churn diameter of 1.5-2.7 cm and
for a volcanic conduit of 15 m corresponds to a volcanic churn dimension of 2-14 m. A major
discrepancy is found when comparing I, for experimental system and for volcanoes, natural system
having a I, of several order of magnitude higher than experimental ones. As a result, we expect
inertial forces to have a much relevant role on gravitational and surface forces in our experimental
system compared to volcanoes. The IT numbers were complemented by the Morton Number to

account for the role of buoyancy, defined as

4
M, = 2228 (8)

pi?a?

Where Ap is the density difference between the gas and liquid phases and g represent the
gravitational acceleration. In our experiments, the Morton number has values of 10'-10%°, at the
higher range of the expected Morton Number for Strombolian activity at volcano scale condition (Del
Bello et al. 2012). Furthermore, we computed the Reynold Number of the two-phase-flow in the
churn-annular regime after Seyfriend and Freund (2000) assuming a volume liquid percentage of 20%
of the total along a hypothetical section of the conduit, at 1-5 bar and for a density of compressed air
of 1.18-5.94 kg/m3 we obtain values on the order of 102-103, Such low Reynold Numbers are typical
of experiments performed with high viscous liquids (Hasan et al. 2019) and fits the hypothesized
values for weak explosive activity at basaltic volcanoes (e.g. La Spina et al. 2021) and the hypothesis
of a laminar regime before the onset of fragmentation (Lane et al. 2001).

Finally, it is worth noting that even though the scale of pipe resonance is clearly different in volcanoes
and laboratory environments, they comply with a simple size (d) - frequency (f) scaling law (Burlini et

al., 2007; Benson et al., 2008; Fazio et al., 2019). In fact, assuming a fundamental frequency for
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experimental churn resonance in the range 500-7000 Hz and a length of the churn of 3-30 cm, a simple
size-frequency scaling law would suggest a length of volcanic churns to be in the range of 8-200 m for
resonator fundamentals of 0.5-10 Hz. The length of the churn for volcanic environments fits with
previous values theorized for volcanic slugs during Strombolian to fire fountain activities (e.g. 8-100
m, Vergniolle and Ripepe, 2008; 13-120 m, Kremers et al., 2013; 76-260 m, llanko et al., 2020).

However, despite the clear importance of the churn regime for unveiling the dynamics of the spectrum
of eruptive styles in between violent Strombolian and fire fountain eruptions, studies addressing the
dynamics of volcanic churn flow in volcanoes are few. We strongly recommend that future studies will
fill this gap and contribute to define the characteristics of the volcanic churn regime. One of the key
point for future research lies in the conduit geometry, meaning conduit diameter and length. Provided
as we did here that conduit roughness has no influence on the source of gliding (although it does affect
harmonic tremor; Spina et al., 2019), future studies performed possibly using a range of higher
diameter and length of the experimental conduit will have the double advantage of ensuring stable
conditions of the degassing flow and provide further constraints for the source of low frequency
hindering the fundamental of harmonic tremor. In fact, longer conduits would minimize the
contribution of gas injection on acoustic and seismic sensors distributed along the conduit, and offer
the possibility to explore different conduit resonance modes, both possibly affecting the low
frequency band (roughly <2000 Hz) where the fundamental of harmonic tremor lies. Further
improvements on the sensor system would possibly help gain much information on harmonic tremor
during churn flow, such as: 1) deploying a higher number of accelerometer or 2) using an ECT (Electrical
Capacitance Tomography) probe to reconstruct the internal distribution of the liquid phase (including

film thickness and its possible flooding waves).
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5. Concluding remarks

We present here the first experimental set of laboratory studies mimicking the temporal migration of
the spectral lines of harmonic tremor, i.e. gliding, observed during analogue degassing experiments.
The results are summarized in bullet points below.

1. Gliding of the harmonic acoustic and seismic tremor has been observed in intermediate-high
viscosity experiments (100-1,000 Pa s) for degassing regimes mainly corresponding to
transition to churn-like flow and churn-like flow. It was associated mostly but not exclusively
with an increasing trend of the gliding spectral lines. In a few cases, two sets of gliding
harmonics were observed, with the secondary set of harmonics exhibiting a decreasing trend.
Positive gliding preceding high amplitude transients has often been observed.

2. We particularly selected from our dataset eight episodes of gliding that were outstanding for
clarity of the harmonic gliding signals. On such experimental runs, spectral analyses performed
on the acoustic signal were compared against a quantitative tracking of the length of churn
areas.

3. The evolution of the theoretical length of the churn resonator, derived from the spacing
between consecutive harmonics, matches very closely with the variation of the length of the
most superficial gas pocket in up to six cases. All the same, the secondary set of negative
harmonics, if present, suggests a resonator length that closely resembles the second to last
gas pocket. The remaining cases provide a match for the theoretical resonator length with the
length of the upper portion of the experimental conduit above the highest liquid constriction,
as previously already known in literature.

4. Experimental evidence suggests that gliding harmonic tremor might result from the
progressive length variation of interconnected over-pressurized gas pockets that characterize

churn/annular-like degassing regime.
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Supplementary Figures
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Supplementary Figure 1: (a) Temporal evolution of gas pockets through video images. The
experimental conditions are: viscosity 1,000 Pa s, gas flux 180x10? I/s, conduit roughness C2 (run 309).
From the lowest to the highest gas pocket unit at time zero: B (orange line), A (blue line), C (yellow
line). The distance of each point is taken with reference to the conduit base. (b) Length of gas pocket
units AB (blue line), CA (red line). Purple dots represent the modelled length of the resonator for
harmonics (Harm1) shown in (c ). (c) Frequency values of different spectral lines (f1, f2, etc.) of the
principal group of harmonics (colored dots).
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Supplementary Figure 2: (a) Temporal evolution of gas pocket units through video images. The
experimental conditions are: viscosity 1,000 Pa s, gas flux 30x107 I/s, conduit roughness C2 (run 324).
From the lowest to the highest gas pocket unit at time zero: B (orange line), A (blue line), C (purple
line). The distance of each point is taken with reference to the conduit base. (b) Length of gas pocket
units AB (blue line), CA (red line). Orange dots represent the modelled length of the resonator for
harmonics shown in (c). (c) Frequency values of different spectral lines (f1, f2, etc.) of the principal
group of harmonics (colored dots). Note that the open conduit core above gas pockets termination C
up to the conduit surface has a rather stable length of ca. 330 cm.
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Supplementary Figure 3: (a) Temporal evolution of gas pocket units through video images. The
experimental conditions are: viscosity 1,000 Pa s, gas flux 120x10? I/s, conduit roughness C1 (run 361).
From the lowest to the highest gas pocket unit at time zero: B (orange line), A (blue line), D (purple
line), C (yellow line), E (green line), F (azure line), G (brown line), H (light blue line). The distance of each
point is taken with reference to the conduit base. (b) Length of gas pocket units AB (blue line), CD (red
line), EC (yellow line), FE (purple line), GF (green line), HG (azure line). Blue dots represent the modelled
length of the resonator for harmonics shown in (c). (c) Frequency values of different spectral lines (f1,
f2, etc.) of the principal group of harmonics (colored dots).
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Supplementary Figure 4: (a) Temporal evolution of gas pocket units through video images. The
experimental conditions are: viscosity 1,000 Pa s, gas flux 90x10 /s, conduit roughness C1 (run 362).
From the lowest to the highest gas pocket unit at time zero: B (orange line), A (blue line), C (yellow
line). The distance of each point is taken with reference to the conduit base. (b) Length of gas pocket
units AB (blue line), CA (red line). Orange dots represent the modelled length of the resonator for
harmonics shown in (c). (c) Frequency values of different spectral lines (f1, f2, etc.) of the principal
group of harmonics (colored dots).
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Supplementary Figure 5: (a) Temporal evolution of gas pocket units through video images. The
experimental conditions are: viscosity 1,000 Pa s, gas flux 90x107 I/s, conduit roughness C1 (run 363).
From the lowest to the highest gas pocket unit at time zero: B (orange line), A (blue line), C (yellow
line), D (purple line). The distance of each point is taken with reference to the conduit base. (b) Length
of gas pocket units AB (blue line), CA (red line). Orange dots represent the modelled length of the
resonator for harmonics shown in (c). (c) Frequency values of different spectral lines (f1, f2, etc.) of the
principal group of harmonics (colored dots). Note that the open conduit core above gas pockets

terminations A and C up to the conduit surface measured at 70 s has a length of ca. 335 cm.
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Supplementary Figure 6: (a) Temporal evolution of gas pockets units through video images. The
experimental conditions are: viscosity 100 Pa s, gas flux 180x107 I/s, conduit roughness C1 (run 269).
From the lowest to the highest gas pockets unit at time zero, following a temporal trend: A (blue line),
B (orange line), C (purple line), D (green line), E (yellow line). The distance of each point is taken with
reference to the conduit base. (b) Length of gas pockets units AB (green line), BC (yellow line), CD (red
line) and DE (blue line). Purple dots represent the modelled length of the resonator for harmonics
shown in (c). (c) Frequency values of different spectral lines (f1, f2, etc.) of the principal group of
harmonics (colored dots).
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Table 1
Parameters Adimensional numbers
ok | n(Pa | o(N/ | D(m) | Decturn | Ugas Ty = | My, = |73 Mo= | Re2p
g/m? | s) m) (m) | (m/s) | Zeasm | @B _ D ogn*ap| =
) 7 (;’h'z ~ Dchi p,203 IDpan
u
This 970 | 100- 0.025 | 0.03 0.015 | 0.04- | 1.9*1 | 6.2*1 | 0.5- 10 | 1072
paper 1,000 - 0.25 | 0% 0> 0.9 10 103
0.027 1.1*1 | 6.2*1
o* 0’
Hasan | 950 | 360 0.025 | 0.24 --- 0.1- 1.8- 3.8*1
etal. 0.56 |9.8*1 | 0°
(2019) 03
Basalti | 270 | 100- 0.3 15 2-14 0.5-5 | 1.5*1 | 1.46* | 0.13- | Stro Weak
c 0 1,000 0? 102- |1 mboli | fount
volcan 1.5*%1 | 1.46 an ian
oes 0* activi | activi
ty:10% | ty:
-10%" | 10%
10-3*

A-dimensional P numbers for this paper, Hasan et al. (2019) and basaltic volcanoes. Reynold number
of the two phase mixture was computed using J=Ugqs and calculating pa» from Seyfriend and Freundt
(2000), with a value of air gas density equal to 1.18-5.94 kg/m3 (1-5 bar) and assuming a liquid
percentage of 20% along an hypothetical conduit section. The values of Reynold Numbers are relative
to weak fountain activity at Etna (La Spina et al. 2021), whereas the Morton Number for Strombolian
activity is quoted from Del Bello et al. (2012).

Supplementary Table 1

Experimental Viscosity (Pa's) | Gas Flux (120x10° | Superficial Conduit

name 31/s) velocity (m/s) geometry
Cl=Fractal
dimension 2
C2=Fractal
dimension 2.18
C3=Fractal
dimension 2.99

Run 312 1,000 120 0.17 C1

Run 353 1,000 180 0.25 C1

Run 309 1,000 180 0.25 C2

Run 324 1,000 30 0.04 Cc2

Run 361 1,000 120 0.17 C1

Run 362 1,000 90 0.11 C1

Run 363 1,000 90 0.11 C1

Run 269 100 180 0.25 C1

Supplementary Table 1: Experimental conditions of the subset of gliding episodes addressed in this
paper.
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Supplementary video 1: Degassing pattern of run 312 featuring conduit geometry C2, analogue
magma viscosity of 1,000 Pas and gas flux equal to 120x1073 I/s Note that the experimental conduit

was orientated along the vertical direction.

Supplementary video 2: Degassing pattern of run 353 featuring conduit geometry C1, analogue
magma viscosity of 1,000 Pas and gas flux equal to 180x1073 I/s Note that the experimental conduit

was orientated along the vertical direction.

Supplementary video 3: Degassing pattern of run 309 featuring conduit geometry C2, analogue
magma viscosity of 1,000 Pas and gas flux equal to 180x107 I/s Note that the experimental conduit

was orientated along the vertical direction.

Supplementary video 4: Degassing pattern of run 324 featuring conduit geometry C2, analogue
magma viscosity of 1,000 Pas and gas flux equal to 30x107 |/s Note that the experimental conduit was

orientated along the vertical direction.

Supplementary video 5: Degassing pattern of run 361 featuring conduit geometry C1, analogue
magma viscosity of 1,000 Pas and gas flux equal to 120x1073 |/s Note that the experimental conduit

was orientated along the vertical direction.

Supplementary video 6: Degassing pattern of run 362 featuring conduit geometry C1, analogue
magma viscosity of 1,000 Pas and gas flux equal to 90x107 |/s Note that the experimental conduit was

orientated along the vertical direction.
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Supplementary video 7: Degassing pattern of run 363 featuring conduit geometry C1, analogue
magma viscosity of 1,000 Pas and gas flux equal to 90x107 |/s Note that the experimental conduit was

orientated along the vertical direction.

Supplementary video 7: Degassing pattern of run 269 featuring conduit geometry C1, analogue
magma viscosity of 100 Pas and gas flux equal to 180x107 I/s Note that the experimental conduit was

orientated along the vertical direction.



