Surveys in Geophysics (2024) 45:117-149
https://doi.org/10.1007/510712-023-09800-0

®

Check for
updates

A Review of the Source Characteristics and Physical
Mechanisms of Very Long Period (VLP) Seismic Signals
at Active Volcanoes

K. I. Konstantinou’

Received: 15 February 2023 / Accepted: 7 July 2023 / Published online: 5 September 2023
© The Author(s) 2023

Abstract

Very Long Period (VLP) signals with periods longer than 2 s may occur during eruptive or
quiet phases at volcanoes of all types (shield and stratovolcanoes with calderas, as well as
other stratovolcanoes) and are inherently connected to fluid movement within the plumbing
system. This is supported by observations at several volcanoes that indicate a correlation
between gas emissions and VLPs, as well as deformation episodes due to melt accumula-
tion and migration that are followed by the occurrence of VLPs. Moment tensors of VLPs
are usually characterized by large volumetric components of either positive or negative
sign along with possibly the presence of single forces that may result from the exchange
of linear momentum between the seismic source and the Earth. VLPs may occur during
a variety of volcanological processes such as caldera collapse, phreatic eruptions, vulcan-
ian eruptions, strombolian activity, and rockfalls at lava lakes. Physical mechanisms that
can generate VLPs include the inflation and deflation of magma chambers and cracks, the
movement of gas slugs through conduits, and the restoration of gravitational equilibrium in
the plumbing system after explosive degassing or rockfalls in lava lakes. Our understand-
ing of VLPs is expected to greatly improve in the future by the use of new instrumenta-
tion, such as Distributed Acoustic Sensing, that will provide a much denser temporal and
spatial sampling of the seismic wavefield. This vast quantity of data will then require time
efficient and objective processing that can be achieved through the use of machine learning
algorithms.
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Article Highlights

e VLPs can be observed in a variety of volcanoes and their occurrence is inherently con-
nected to the movement of hydrothermal or magmatic fluids through the plumbing system

e Moment tensor inversion of VLP waveforms has revealed large volumetric components
and possibly significant single forces

e Physical mechanisms that have been employed to explain the generation of VLPs
involve inflation and deflation of cracks and magma chambers, movement of gas slugs
through conduits and restoration of gravitational equilibrium in lava lakes

1 Introduction

Seismic signals recorded at active volcanoes convey important information about the inter-
nal structure, state of stress as well as the nature and dynamics of the fluids within the vol-
canic system (Chouet 2003; Chouet and Matoza 2013). Volcano-tectonic earthquakes were
the first to be studied due to the similarities they share with their tectonic counterparts,
as both of them are generated by brittle failure of rock. Such events can be used in order
to better understand the stresses that develop within volcanoes (Gerst and Savage 2002;
Roman and Cashman 2006), as well as provide a warning of impending eruptions in the
form of changes in seismicity rates (Kilburn and Voight 1998; Kilburn 2003; White and
McCausland 2019; Duputel et al. 2019). On the other hand, Long-Period (LP) or hybrid
earthquakes and volcanic tremor represent seismic signals that are generated through the
complex interaction of fluids and gas with the solid rock and thus their source mechanism
is much harder to decipher. Some source models for these events favor the mechanism of
a crack that is driven to resonance due to fluid flow (Chouet 1996; Chouet and Dawson
2016 and references therein), while other models suggest that these signals can be also
generated by the deformation of low-cohesion volcanic rock (Bean et al. 2014; Eyre et al.
2015; Rowley et al. 2021). Either way, all of these signals proved to be of great importance
for elucidating the dynamics of fluid flow and the nature of the fluids involved (Chouet
1996; Kumagai and Chouet 2000; Kumagai et al. 2005). Beyond this, LP earthquakes and
volcanic tremor are also valuable as monitoring tools since many eruptions are preceded
by both types of signals (Konstantinou and Schlindwein 2003; Chouet and Matoza 2013).

Several decades ago the frequency range of volcano-seismic signals was thought to start at
about 1 Hz extending to 20 or even 50 Hz and exhibiting considerable overlap between signals
generated by brittle failure and those generated by fluid flow (Fig. 1). However, this view of
volcanic seismicity was biased by the deployment in the field of short-period instruments that
could reliably record frequencies of 1 Hz or higher. The advent of portable sensors with the
ability to record frequencies as low as 0.00833-0.01 Hz and their installation at active volca-
noes eliminated this observational bias and brought into sharp focus the fact that volcanoes are
broadband sources of seismic energy. Since then Very Long Period (VLP) signals were detected
at several volcanoes around the world, extending the frequency bandwidth of observed volca-
noseismic signals down to at least 0.02 Hz and in some cases lower than 0.01 Hz (cf. Fig. 1).
VLPs have been found to be associated with different volcanic processes that involve large-
scale movement of fluids prior to or during eruptive activity, hence their study can potentially
provide constraints on the fluid mass budget and dynamics inside active volcanoes.

This work presents an extensive review of the characteristics and source properties of
VLPs placing emphasis on the observational aspects and physical mechanisms of their
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Fig.1 Diagram that depicts the frequency range of different classes of volcano-seismic signals based on
the cited references. VT: volcano-tectonic earthquakes (White and McCausland 2019), HB: hybrid events
(Harrington and Brodsky 2007), LP: long-period events (Chouet 1996), TR: volcanic tremor (Konstantinou
and Schlindwein 2003), VLP: Very Long Period events (this study and references therein). The question
mark in the VLP bar implies that detection of such signals with periods longer than 50 s is dependent on the
instrument passband (see also Sect. 3.3.2)

occurrence. In the first part of this review, an account of the phenomenology of VLP
occurrence is given in terms of their salient characteristics, their relationship with fluid
movement, and whether their occurrence is affected by factors external to volcanic activity.
Moment tensors are used in order to describe the source process of VLPs and this review
examines the different methodologies utilized in moment tensor inversion, as well as the
variability and properties of their moment tensors inferred from seismic data at several
volcanoes worldwide. In the second part of the review the volcanological processes that
are associated with VLPs are grouped into five categories and a description of the physi-
cal mechanisms in each category is given along with typical examples of active volcanoes
where such mechanisms have been suggested to be at work. The last part presents a dis-
cussion that focuses on the potential use of machine learning techniques for detection and
analysis of VLPs, as well as concluding remarks.

2 Phenomenology of VLPs

VLPs can be formally defined as seismic signals with period ranging from several to tens
of seconds that occur at active volcanoes during eruptive or quiet periods, corresponding to
a source that is non-destructive and is inherently connected to physical mechanisms of fluid
movement within the plumbing system. The term Ultra Long Period (ULP) signal is sometimes
used in the literature when the dominant period is in the order of hundreds rather than tens of
seconds (e.g., Longo et al. 2012; Fontaine et al. 2019). Possibly the first observation of VLPs at
an active volcano was provided by Kenzo Sassa in the early 1930s after the installation at Aso
volcano, Japan, of long-period Wiechert seismographs that recorded such signals with a domi-
nant period of 3.5-8 s (Kawakatsu et al. 2000). Observations of VLPs re-emerged many dec-
ades later, when Kawakatsu et al. (1994) recorded oscillations with a dominant period of 10 s
at Aso initiating the search for VLPs at other volcanoes worldwide. Figure 2 shows a stacked
waveform of hundreds of VLPs recorded at Erebus volcano, Antarctica, along with its corre-
sponding amplitude spectrum where the separation of long-period peaks from the short-period
band can be clearly seen. In this particular example the VLPs contain energy at 3 different peri-
ods (8, 11, 20 s), even though at other volcanoes they may exhibit only one dominant period.
VLPs have been recorded at different volcano types, namely shield volcanoes (SH/
CA) and stratovolcanoes (SV/CA) hosting calderas as well as at other stratovolcanoes
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Fig.2 Top panel: velocity waveform produced by stacking of 1209 VLPs that occurred at Erebus volcano,
Ross Island, Antarctica (after Knox et al. 2018). The red line is the trace of the stacked waveform after
bandpass filtering between 0.03 and 0.2 Hz. Lower panel: power spectral density of the stacked waveform
showing both the short-period and the VLP bands. The arrows highlight the three different periods of the
VLP band (Knox et al. 2018)

(SV), all of which cover a wide range of tectonic and volcanological settings as can be
seen in the world map of Fig. 3a. A look into the source depth and period of VLPs (this
period refers to the period analyzed in each study) suggests a systematic pattern among
the three volcano types (Fig. 3b). VLPs at stratovolcanoes with calderas appear to have
the largest source depth at 1.5-3.5 km below sea level, while at shield and at other stra-
tovolcanoes the VLPs source lies in most cases above sea level and within the volcano
edifice. Stratovolcanoes and shield volcanoes with calderas seem to produce VLPs with
periods up to 20 s in contrast to other stratovolcanoes where the reported period seems
to be ranging from 3 s up to about 70 s. At this point it should be noted that VLPs at
Kilauea exhibit a wide range of periods (2—40 s, hence the symbol in Fig. 3b is shown
as a black inverted triangle not following the color scale) and while most occur at or
above sea level depth (Dawson and Chouet 2014) some events have been observed down
to depths of 8 km (Almendros et al. 2002). It is also important to stress that these infer-
ences are subjected to three possible biases: first, most of the VLPs reported in the lit-
erature are recorded at stratovolcanoes (SV), while the other two volcano types (SH/CA
and SV/CA) seem to be underrepresented; second, detailed analysis of VLPs is mostly
limited to well-monitored volcanoes in developed countries (e.g., Kilauea in the United
States), or at volcanoes associated with particularly high volcanic risk (e.g., Merapi
in Indonesia). Third, even at volcanoes that are seismically monitored there may exist
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Fig.3 a Global distribution of volcanoes that exhibit VLP activity as found in the literature. Orange dots
symbolize all active volcanoes worldwide according to the Smithsonian Institution database. Volcanoes that
exhibit VLPs are shown as red triangles for shield volcanoes with calderas (SH/CA), blue diamonds for
stratovolcanoes with calderas (SV/CA), and green squares for all other stratovolcanoes (the Smithsonian
Institution typology is followed for each volcano); b Diagram that shows the relationship between the depth
of VLPs extracted from the literature for different volcanoes (shown as squares) and the peak elevation of
these volcanoes (shown as red stars). Each depth symbol is colored based on the period of VLPs accord-
ing to the color scale shown on top (asl: above sea level, bsl: below sea level). Depth uncertainties are not
plotted since in all cases they are smaller than 1 km and in most cases smaller than 500 m. For Kilauea the
symbol is colored black for the reason that VLPs exhibit a range of dominant periods between 2 and 40 s
and there are two VLP source depths, one near sea level (Dawson and Chouet 2014) as well as another near
8 km (Almendros et al. 2002). For Ontake there are also two different VLP sources, a deeper one located by
Nakamichi et al. (2009), and a shallower one located by Maeda et al. (2015a) that occurred just prior to the
2014 phreatic eruption
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VLPs with different properties that have not yet been properly studied. Table S1 in the
supplementary information that accompanies this work contains the characteristics of
VLPs shown in Fig. 3b.

Some observations relating VLPs and the movement of fluids within the plumbing
system come from the comparison of seismic and gas monitoring data, even though to
date such studies are available only at few volcanoes worldwide. At Asama volcano,
Japan, VLPs recorded by broadband seismometers were usually followed by ash-free
gas bursts near the active crater as monitored by a dedicated SO, imaging system (Kaza-
haya et al. 2011, 2015). The seismic moment calculated from VLP waveforms exhibited
a positive linear correlation with SO, emissions, while the monthly emissions of SO,
were also found to positively correlate with the monthly average product of the number
of VLPs multiplied by their displacement amplitudes. In some cases such correlation
was not as strong, for example (Zuccarello et al. 2013) reported that only a fraction
(~5%) of VLPs correlated with the total SO, gas emissions recorded at Etna volcano
in Italy. At other volcanoes the comparison between seismic and gas emission data
was performed for smaller time periods, however, there was still a temporal correla-
tion between an increased number of VLPs and vigorous degassing activity (Aster et al.
2003; Jousset et al. 2013; Waite et al. 2013; Ripepe et al. 2021). Observations relating
VLPs with melt movement come from Aso volcano, Japan, where repetitive VLPs occur
after deformation episodes (Niu and Song 2021a). These episodes were interpreted as
the accumulation of melt near the roof of the Aso magma chamber, and the slow migra-
tion of this melt to a shallow conduit resulting in the generation of VLPs. Similar obser-
vations relating VLP signals with the flow of basaltic magma through a dike were also
reported previously beneath Hachijo Island, Japan, by Kumagai et al. (2003). In conclu-
sion, all of the aforementioned studies point to the suggestion that VLPs represent the
seismic response of structural features (dikes, conduits) to fluid (melt, gas) movement
within the plumbing system of each volcano. This suggestion can be further corrobo-
rated by the results of waveform inversion for the determination of VLP moment tensors
that will be described in the next section.

Except from the internal dynamics of the volcanic system, other studies have investi-
gated the possibility that the occurrence of VLPs may also be influenced by external fac-
tors. The first of these factors is large earthquakes that may occur near an active volcano,
as was the case of the 2016 (Mw ~7) Kumamoto earthquake whose epicenter was located
about 20 km from Aso volcano in Japan. Hendriyana and Tsuji (2019) reported that before
the Kumamoto earthquake, VLPs at Aso occurred prior to phreatomagmatic activity and
their locations formed a single tight cluster beneath the volcano. After the Kumamoto
earthquake a migration of VLP activity was observed to another cluster to the west of the
original one. The authors explained this migration as the result of enhanced permeability
of the rocks beneath the volcano in the form of new cracks that were produced by static and
dynamic stresses after the earthquake. Niu and Song (2021b) also observed increased VLP
activity at Aso after the passage of surface waves generated by the 2011 (Mw ~9) Tohoku
earthquake, where high dynamic stress is also thought to have enhanced rock permeabil-
ity. The second of the external factors has to do with periodic loading caused by tides or
meteorological phenomena such as rainfall and atmospheric pressure variations. A careful
statistical comparison of the number of VLPs at Aso volcano with diurnal/semi-diurnal
variation of tides, barometric pressure and rainfall showed that there was no significant
correlation (Niu and Song 2021b).
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3 The Seismic Source of VLPs
3.1 Source Inversion Methodologies

As with other seismic signals such as earthquakes and man-made explosions, the recorded
waveforms of VLPs can be utilized in order to determine the moment tensor that corre-
sponds to the seismic source that generated them. The vast majority of the studies that
perform moment tensor inversion of VLPs follow a point-source approximation and also
consider that each moment tensor element may vary as a function of time. An additional
factor that has to be considered in a volcanic environment is the presence of single forces
that may result from the exchange of linear momentum between the seismic source and the
Earth (Takei and Kumazawa 1994). In these cases momentum conservation dictates that
the net exchange of linear momentum should cancel out, hence an upward acceleration or
downward deceleration of the source volume will produce a downward reaction force on
the Earth and the opposite will occur when there is a downward acceleration or upward
deceleration (Chouet et al. 2003). Taking into account all these factors it is possible to
express the recorded amplitude of VLPs as a function of time in the following way (e.g.,
Chouet and Matoza 2013 and references therein)

u,(r,t) = F,@t) % G,,(x,0) + M, (1) = G, ,(r,1) 1)

where F represents the single force component, G is the Green’s function describing the
medium response at a receiver location r, M is the moment tensor, p, g are the directions
of the Cartesian coordinate system (x, y, z), and n is the component of displacement (Z, R,
or T). In equation (1), the Einstein summation convention is used, where the summation is
performed over the repeated indices. For a particular station component this expression can
then be written in a compact form as

k
w,(5) = Y m() % Gy(1) ©))

i=1

where the index i =1,...,k = 9 refers to the number of six moment tensor elements and three
force components. It is easy to transform the previous expression from the time to the fre-
quency domain where convolution becomes multiplication and then obtain (e.g., Auger
et al. 2006)

k
U, (@) = Y m(@)G, (@) 3)
i=1

Using this equation it is then possible to obtain a matrix relationship d(w) = G(w)m(w)
where d represents the vector of amplitudes for frequency w, G is the matrix containing the
Green’s functions for this frequency, m is the vector containing the sought moment tensor
elements and single force components. The solution of this linear problem can be obtained
by minimizing the error between observed and synthetic amplitudes for each frequency. A
large number of studies have performed such unconstrained source inversion (Ohminato
et al. 1998; Hidayat et al. 2002; Chouet et al. 2003, 2005, 2010; Auger et al. 2006; Ohmi-
nato 2006; Waite et al. 2008; Aster et al. 2008; Lyons and Waite 2011; Chouet and Dawson
2011, 2013; Haney et al. 2013; Zuccarello et al. 2013; Waite and Lanza 2016; Jolly et al.
2017; Matoza et al. 2022).
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Another inversion strategy that has been employed is constraining the VLP source
to a specific geometry such as a rectangular crack or cylindrical pipe. In this case the
inversion problem can be written as

d = GM,f(A/ 1,0, ) @)

where M, is the scalar moment, A, u are the Lamé constants, 6, ¢ are angles defined by the
Cartesian coordinate system and the assumed geometry of the source (Fig. 4). The reason-
ing behind the choice of such particular geometries is based on the fact that the VLP source
is likely related to volcanological features such as a sill or dike and can be approximated by
simple geometrical shapes. In this case each moment tensor element will be a function of
the scalar moment, the Lamé constants and the angles 6 and ¢ as depicted in the matrix of
Fig. 4. The advantage of this approach is the reduction in the number of unknowns from 6
moment tensor elements to just three quantities (M, 8, ¢). This constrained source inver-
sion has been performed in fewer studies (Molina et al. 2008; Nakamichi et al. 2009; Jous-
set et al. 2013; Maeda et al. 2015a, b), since a priori assumptions about the geometry of the
VLP source are not always possible.

As stated earlier, the frequency content of VLPs is low enough so that propagation
effects due to the small-scale heterogeneity have little influence on the recorded signal
(at least for frequencies of 0.1 Hz and lower), therefore Green’s functions can be cal-
culated using simple half-space or layered velocity models that may also include the
effects of volcano topography. Either inversion strategy requires one to know the source
location of VLPs, that can be obtained independently by using waveform semblance
(Kaneshima et al. 1996; Ohminato et al. 1998; Kawakatsu et al. 2000; Nishimura et al.
2000; Almendros et al. 2002; Yamamoto et al. 2002; Dawson et al. 2004; Cannata et al.
2009; Guidicepietro et al. 2009; Jolly et al. 2017), amplitude source location (Maeda
et al. 2019), or by just incorporating the location into the source inversion problem
and perform grid-search (Legrand et al. 2000; Chouet et al. 2003, 2005, 2010; Auger
et al. 2006; Ohminato 2006; Waite et al. 2008; Aster et al. 2008; Nakamichi et al. 2009;
Chouet and Dawson 2011, 2013; Lyons and Waite 2011; Maeda and Takeo 2011; Haney
et al. 2013; Jousset et al. 2013; Maeda et al. 2015a, b; §indijia et al. 2021). The latter
approach can be realized by conducting a search over a dense grid of points beneath the

A/l + 2sin®Ocos?p  2sinBsingcosd 2sinfcosfcosep
M=M, 2sin®fsinghcosd A/l + 2sin?0sin¢p  2sinfcossing
2sinfcosOcos¢ 2sinfcosBsing 2/ + 2cos%6

(@) (b)

Fig.4 Potential geometry of VLP sources used in constrained inversions: a rectangular crack where the
angles € and ¢ are measured based on the orientation of vector v which shows the direction of the crack
opening or closing; b cylindrical pipe where the angles are measured using the vertical axis of the cylinder
as reference. The general moment tensor that may correspond to either of these geometries is shown at the
top of the Figure (see text for more details)
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volcano with the aim of finding the source location that yields the vector m which best
fits the observed waveforms.

3.2 Source Model Selection

In the case when the inversion determines moment tensor elements and single force com-
ponents, it is customary to consider VLP sources that may correspond to only moment
tensor elements, or a combination of moment tensor and single force components. Each
of the two source representations entails a different number of parameters that need to be
included in the inversion (3 moment tensor elements for a purely volumetric source, 6 ele-
ments for a full moment tensor and 9 elements if single forces are also considered). It is
well known that increasing the number of parameters in an inversion problem will result
in a better fit, however, it is not clear whether these extra parameters are really needed in
order to explain the observed data. Most studies try to avoid this ambiguity by utilizing the
Akaike Information Criterion (AIC), which can be defined as (Akaike 1974)

AIC = (N XNy)log S + 2N, (5)

where N, is the number of traces and N is the number of samples used in the inversion, S is
the squared error between observed and synthetic data, and N, is the number of free param-
eters determined by the inversion. AIC is usually calculated for each source representation
and the solution that attains the smallest AIC value is considered as the more likely repre-
sentation of the VLP source. A caveat related to the use of AIC has to do with the fact that
its efficiency diminishes sharply once the squared error is not normally distributed (see van
Driel et al. 2015). This may occur for a multitude of reasons such as the small number of
available stations, poor azimuthal distribution, or a velocity model that deviates signifi-
cantly from the actual velocity structure. The Bayesian Information Criterion (BIC) has
been suggested as an alternative to AIC and its definition can be written as (e.g., O’Brien
et al. 2010)

BIC = (N,XN;)log S + N, log (N,XN;) (6)

O’Brien et al. (2010) inverted synthetic seismograms generated by a variety of hypotheti-
cal sources in the LP frequency domain, under different station as well as velocity model
conditions. The authors found that BIC performs better than AIC in selecting the correct
source model, although BIC could still fail to select the correct solution if the number of
stations is small (< 10) or when single forces were included. Even though these synthetic
tests were only applied to LP events, it is reasonable to assume that AIC may also fail to
select the correct source model for VLPs and that BIC would perform better but it still
would not be a foolproof solution. The next section describes some of the problems and
limitations of source inversions in terms of the quality of data, instrument passband and the
reliability of single forces in the derived source solutions of VLPs.

3.3 Problems and Limitations of Source Inversions
3.3.1 Tilt Effects

Dynamic tilt is the rotational motion around the horizontal axis that changes the projec-
tion of local gravity onto the horizontal components of the seismometer sensor without
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affecting the vertical component (Rodgers 1968; Wielandt and Forbriger 1999; Lyons
et al. 2012). The resulting horizontal acceleration can then be expressed in differential
form as (Aki and Richards 2002)

i(t) = —g0o(1) (7

where ii(f) is horizontal acceleration, g is acceleration of gravity, and 8(¢) is tilt-angle as a
function of time. Integrating twice the above stated differential equation would yield the
displacement of motion as the second integral of the tilt-angle time history. It can be shown
that the effect of tilt is proportional to 1 /w?, hence it is negligible for higher frequencies but
quite significant for lower frequencies such as those observed in VLPs. Tilt effects influ-
ence the stations of a seismic network by a varying order of magnitude due to differences
in the radiation pattern of the VLP source and the interaction of the seismic wavefield with
the volcano topography.

The effect of tilt on the moment tensor inversion of VLPs was investigated by van
Driel et al. (2015) using synthetic waveforms calculated for a homogeneous velocity
model and utilizing the digital elevation model of Merapi volcano in order to include
the effects of topography in a realistic way. Tilt was found to affect the source inversion
of VLPs with dominant period longer than 10 s, even in the case when the tilt effect was
apparent only in a small number of stations. One solution for minimizing the effect of
tilt would be to calculate tilt Green’s functions and then perform a joint inversion for
both translation and rotation. The theoretical displacement for component n and receiver
position r in the frequency domain can be written as (Maeda and Takeo 2011; van Driel
et al. 2015)

u,(r,0) =M, (0)[I(0)G,, ,(r.0) + 1, (0)G,, (r,0)] 8)

where p, g are direction indices, M, is the pg component of the moment tensor, 1,1 are
the tilt and translation instrument response (with I = gl(iw)~?), and G, G is the Green’s
functions for tilt and translation respectively. The inversion can be performed for each fre-
quency separately by solving the linear problem u(w) = G(w)s(w), where s(w) is the Fou-
rier transformed moment tensor components that are sought. This approach can minimize
significantly tilt effects and has been applied to the inversion of VLPs at a number of vol-
canoes such as Asama (Maeda and Takeo 2011), Stromboli (Chouet and Matoza 2013),
Kilauea (Chouet and Dawson 2015), Fuego (Waite and Lanza 2016), and White Island
(Jolly et al. 2017).

A potential drawback of this approach is that the Green’s functions are not taking
into account strain-rotation coupling that results from converting strain on the scale
of the seismic wavelength to rotation on a local scale (Wielandt and Forbriger 1999;
van Driel et al. 2012). Strain-rotation coupling is a local site effect, thus it will not be
accounted for when the Green’s functions are calculated for a homogeneous velocity
model and smooth topography. A better solution for removing tilt, without the need
for detailed knowledge of the velocity structure, would be the in situ correction of the
affected seismograms with the recording of the 3 components of rotation. This would
require the installation in the field of 6 degrees of freedom sensors (3 components for
translation motion and 3 components for rotation) which are still not widely available.
However, prototypes of such sensors have already been tested in volcanic environments
(e.g., Wassermann et al. 2022) hence this kind of corrections will be possible in the near
future.
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3.3.2 Artifacts Due to the Instrument Passband

VLPs characterized by periods tens of seconds long are to be expected during a process
such as caldera collapse, where large scale subsidence and magma chamber expansion
or contraction are involved (cf. Sect. 4.1). The 2018 caldera collapse at Kilauea was
probably the best documented so far and its accompanying phenomena were recorded
by near-field seismic sensors (Streckeisen STS2, Trillium 120 s, Giiralp CMG-40T) as
well as co-located GPS receivers and tiltmeters. The displacement signal of each incre-
mental collapse was recorded as a ramp function by GPS receivers and their similar-
ity made possible the stacking of these signals producing a master ramp function with
duration of 26+5 s (Flinders et al. 2020). When this ramp function is convolved with
the instrument response of a broadband seismometer the result is a pulse-like seismo-
gram depicting a VLP event with a period T, that is proportional to the duration of the
ramp function (Fig. 5). Prior to moment tensor inversion it is common practice to use a
zero-phase bandpass filter in order to restrict the useful signal around the passband of
the instrument and then deconvolve the instrument response. Unfortunately this leads to
a distorted displacement seismogram, whose period T is now longer than the original
period T,

The reason behind this artifact is that the ramp function corresponds to a sinc-func-
tion in the frequency domain, which cannot be fully recovered after deconvolution since
part of it falls below the low-frequency corner of the instrument (~50 s). Flinders et al.
(2020) suggest that in such cases it is critical to have co-located GPS and seismic sta-
tions in order to be able to compare synthetic seismograms derived from the GPS dis-
placement and observed VLP seismograms after deconvolution. So far this issue has not
received much attention in the literature, even though Flinders et al. (2020) speculate
that similar artifacts may be present in VLP waveforms recorded during previous cal-
dera collapses (Miyakejima, Piton de la Fournaise, see Sect. 4.1). Future studies should
explore the influence of such artifacts on the results of moment tensor inversion, in
terms of inferred volume change and the amplitude of single forces.

(a) Observed displacement (b) Observed seismogram (C) Recovered displacement
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Fig.5 Diagram that illustrates the distortion caused to displacement waveform due to limited instrument
bandpass (after Flinders et al. 2020): a ramp function displacement of caldera collapse with duration T, as
it would be recorded by a near-field GPS receiver, b observed velocity seismogram of the same process, and
¢ distorted displacement waveform of caldera collapse after noise filtering and deconvolution, exhibiting
period T > T,
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3.3.3 Spurious Single Forces

Several studies have included in their inversion formulation the existence of single forces
and have utilized AIC in order to determine whether the increase in free parameters leads to
a significantly better data fit. Besides the problems related to the use of AIC (cf. Sect. 3.2),
this procedure cannot answer the question of whether single forces are real or an artifact of
the inversion, and under which conditions can such an artifact occur. A number of studies
tried to tackle this issue by performing synthetic tests not only for the case of VLPs, but
also for higher frequency ranges (> 0.2 Hz) that correspond to LP events (Ohminato et al.
1998; Bean et al. 2008; Davi et al. 2010; De Barros et al. 2013; Trovato et al. 2016). These
tests calculated synthetic waveforms assuming both shallow and deep sources, with and
without the presence of single forces, and with variable noise level. The synthetic wave-
forms were then inverted using different scenarios of inaccurate velocity models and mislo-
cated sources. The results of these tests have shown that spurious single forces may appear
due to three factors: (1) signal-to-noise ratio < 2, (2) vertical mislocation of the source
by hundreds of meters, and (3) the presence of shallow low-velocity layers often found at
volcanoes, that are usually not accounted for in velocity models used to calculate Green’s
functions.

While the effect of an inaccurate velocity model on the source inversion results is
expected to be small in the case of VLPs, vertical mislocation may still produce spuri-
ous single forces. VLPs are particularly prone to such mislocation for two reasons: first,
as shown in Fig. 3b most of the VLP sources are quite shallow, hence lack of knowledge
of the shallow structure (which is the case in most volcanoes worldwide) is likely to lead
to such mislocation. Second, VLP wavelengths are usually much longer than the source-
receiver distance, hence the accuracy of the obtained location depends critically on near-
field effects (Lokmer and Bean 2010). Two practical recommendations were put forward
by the aforementioned studies in order to avoid spurious single forces: (1) prior to the
inversion of the real data, synthetic tests should be performed in order to infer whether
single forces can be recovered with the given station distribution, noise level and velocity
model; and, (2) that the VLP source location has to be performed using a technique that is
less sensitive to the choice of the velocity model (e.g., waveform semblance).

3.4 Moment Tensors of VLPs: An Overview

At this point it would be useful to obtain an overview of VLP moment tensors before dis-
cussing any particular physical mechanism for their generation. A graphical depiction
of a set of moment tensors can be realized by using the fundamental lune representation
suggested by Tape and Tape (2013). In this representation the three eigenvalues of each
moment tensor are utilized for the purpose of calculating the following quantities

A+ A+ A
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where A} > A, > Aj are the three eigenvalues and [|A[| (= 1/A] + A5 + A3) is the Euclid-

ean norm of the moment tensor. Hence a moment tensor can be plotted in the fundamental
lune by calculating y, which is equivalent to longitude, and 90° — f, which corresponds to
co-latitude. Using the eigenvalue information it is also possible to calculate the Poisson
ratio v at the source as given for the classic model of a moment tensor (Tape and Tape
2013)

A2
VRN an

Unfortunately not all published studies provide the triplet of eigenvalues or adequate infor-
mation in order to calculate the eigenvalues from the moment tensor, therefore only 21
VLPs that occurred at 13 volcanoes were utilized (see Table S2 in the supplementary infor-
mation). Despite this problem the graphical representation of the moment tensors, their
seismic moment, as well as the Poisson ratio can provide insights prior to discussing sug-
gested physical mechanisms.

The fundamental lune includes source representations that range from purely volumetric
such as explosion (+ISO) and implosion (—ISO), to purely deviatoric such as Compensated
Linear Vector Dipole (CLVD) and Double Couple (DC), while opening or closing tensile
cracks (+C or —C) correspond to combinations of explosion or implosion with Linear Vec-
tor Dipoles (LVD). Figure 6 shows two versions of the fundamental lune where in the one
of them VLPs are plotted as a function of the logarithm of seismic moment (log M,,), and
in the other as a function of the corresponding Poisson ratio (v). The majority of VLPs
are plotted in the upper half of the fundamental lune indicating sources that represent an
opening tensile crack and progressively shift to pure volume increase independently of the
volcano type. Four VLPs that occurred at Piton de la Fournaise and Aso represent sources
where a closing tensile crack or volume decrease is the dominant source process. Only one
VLP event that occurred at Soufriere Hills volcano (Monteserrat Island) seems to exhibit
other significant components (DC, LVD) except from the volumetric one. From the dia-
gram in Fig. 6a it can also be seen that the seismic moment of these VLPs ranges from 10'°
N m for a VLP event at Satsuma-Iwojima volcano related to passive degassing activity,
to about 10'7 N m for an event related to caldera collapse at Piton de la Fournaise vol-
cano. However, the range of seismic moment for the majority of VLPs is narrower and lies
between 10'-10'* N m (see Table S2).

In the fundamental lune the line that connects the opening and closing tensile cracks
corresponds to v = (.25, therefore it would be expected that the moment tensors of
VLPs should be scattered around this line. This expectation reflects the fact that most
crustal rock types exhibit Poisson ratios in the range between 0.1 and 0.4 and v = 0.25
represents an average value for a Poisson solid (Gercek 2007). Even though a small
number of VLPs are indeed located near this line (Fig. 6b), the majority displays v
above 0.35 and a few of them even above 0.5 (VLPs at volcanoes Miyakejima, Soufriére
Hills, White Island, Aso), which is the maximum value that is plausible for crustal
rocks. Most of these anomalous Poisson ratios correspond to VLPs that have occurred
at stratovolcanoes, however, the sample is small enough to preclude drawing firm con-
clusions about such dependencies. The Poisson ratios shown here for VLP sources are
in agreement with those presented by Tape and Tape (2013) for moment tensors corre-
sponding to various seismic sources (natural earthquakes, man-made explosions, cavity
or mine collapses) that also deviate significantly from a Poisson solid.
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Fig. 6 Fundamental lunes that depict the variation of the VLP source as a function of: a seismic moment,
where the color of each symbol corresponds to the scale shown at the left part of the graph, and b Poisson
ratio, where the color of each symbol corresponds to the scale shown at the right part of the graph. The
dashed orange line represents the loci of sources with Poisson ratio equal to 0.25 (see text for more details).
All other symbols are the same as in Figure 3

Even if Poisson ratios above 0.5 are discarded, there are still many VLPs whose v
appears to be significantly different from the average value for crustal rocks. In the sam-
ple presented here (see Table S2 in the supplementary information), the two shield vol-
canoes with calderas (Kilauea, Piton de la Fournaise) seem to have Poisson ratios closer
to the average (0.27-0.31), while the majority of VLPs at stratovolcanoes with calderas
and other stratovolcanoes exhibit Poisson ratios above 0.4 (~64% different from a Pois-
son solid). The Poisson ratio is an important parameter for the reason that it can be used
to express the relationship between the Lamé constants as (Mavko et al. 2009)

A 2v

© o 1-2v

(12)

which is essential when one needs to estimate the volume change AV of an isotropic seis-
mic source, since the equation commonly used for this estimation contains both constants
(Miiller 2001)
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M,
V:
A+2u

(13)

In volcanological studies it is usually assumed that the Poisson ratio is equal to 0.33, a
value that is considered appropriate for volcanic rocks at or near liquidus temperatures
(Murase and McBirney 1973), thus A =~ 2u. This means that for a VLP event with seismic
moment 10'* N m, taking the rigidity modulus as 10 GPa, and v = 0.33, the volume change
will be equal to 2500 m3. On the other hand, if v = 0.41 (the median value of all Poisson
ratios in Table S2) then A ~ 4.6y and the volume change will be 1515 m? (a difference of
—40% compared to the previous estimate). From a practical point of view, it is fair to say
that such an estimation of volume change suffers not only from the uncertainties in the
calculation of seismic moment, but also from the uncertainty in finding a plausible value
for the Poisson ratio. Volume changes estimated in this way should be viewed with caution,
and their interpretation in terms of the volcano’s fluid mass budget should be cross-checked
using available geodetic or gas emission data. The discrepancy between the commonly
assumed Poisson ratio and the one implied by the moment tensors of VLPs is a point that
has so far received very little attention in the literature. One explanation for this discrep-
ancy is that it is an artifact stemming from a combination of factors such as poor station
coverage, propagation effects not properly accounted for, and the inversion method utilized.
While in some cases these factors may have played a significant role in producing anoma-
lous Poisson ratios, it is doubtful that they represent the sole cause for all of them. Future
studies should therefore try to investigate to what extent these factors are responsible for
Poisson ratios much larger than 0.25 and also look for other potential causes.

4 Volcanological Setting and Physical Mechanisms
4.1 Caldera Collapse

The largest calderas on Earth were formed when massive magma chambers were evacu-
ated after erupting most of their melt, which in turn resulted in the catastrophic collapse
of the overlying rock column (Gudmundsson 2015 and references therein). During the last
two decades four caldera collapses have been observed by modern instrumentation namely
the 2000 Miyakejima, Japan (Kumagai et al. 2001), 2007 Piton de la Fournaise, Reunion
Island (Fontaine et al. 2019; Duputel and Rivera 2019), 2014-2015 Bardarbunga, Iceland
(Gudmundsson et al. 2016) and 2018 Kilauea, Hawaii (Neal 2019; Anderson et al. 2019). A
conceptual model that has been utilized in order to describe all four of the aforementioned
caldera collapses is shown in Fig. 7a. In this model a system of steeply dipping ring faults
controls through friction the movement of a rock column (hereafter called ‘piston’) that
overlies an elliptically shaped magma chamber filled with melt. If the overpressure inside
the magma chamber exceeds the tensile strength of the surrounding rock, a lateral magma
intrusion may lead to a small eruption that will remove a fraction of melt from the magma
chamber. Alternatively, the small eruption may occur if the frictional resistance along the
ring faults is lowered (for example through percolation of hydrothermal fluids), allowing
the piston to move downwards and thus increase the pressure inside the magma chamber.
The result of either of these scenarios is the initiation of a feedback process where the
chamber deflates due to magma outflow favoring further downward movement of the pis-
ton that will squeeze more magma out of the chamber deflating it even more. An important
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Fig. 7 Diagram that describes the basic parts of the piston model for caldera collapse: a the movement of
the piston is controlled by the frictional properties of the bounding faults. The pressure imposed by the
downward moving piston will induce an increase in the overpressure of the magma chamber leading to an
eruption. The horizontal extent of the caldera is equal to D and the vertical extent of the piston is H, where
both quantities define the roof aspect ratio R (see text for more details), b the chamber may deflate if there
is first an eruption which will then induce a downward piston movement, and ¢ the chamber may inflate if
the piston first moves downwards while there is no eruption prior to that

parameter of the piston collapsing model is the roof aspect ratio R defined as the fraction of
roof depth to the piston diameter (cf. Fig. 7a). For R < 1.0 the piston is expected to collapse
as a coherent block whereas for larger values of R there is surface subsidence concurrently
with collapse at depth (Fontaine et al. 2019; Anderson et al. 2019).

VLPs associated with caldera collapse have been recorded during the Miyakejima as
well as during the Piton de la Fournaise collapses and their source process have been stud-
ied using moment tensor inversion. The Piton de la Fournaise caldera collapse took place
incrementally producing 48 individual events that were accompanied by VLPs whose
waveforms exhibited a high degree of similarity indicating that the same physical process
generated these signals (Fontaine et al. 2019). The moment tensor of the largest of these
VLPs, assuming a point-source approximation, showed a dominant volumetric decrease
and a significant single force pointing upwards (Fontaine et al. 2019; Duputel and Rivera
2019). These results are consistent with the collapsing piston model, in the sense that the
downward movement of the piston squeezed the magma chamber decreasing its volume
(see also Fig. 6), while the downward acceleration of the piston block produced an upward
vertical force. The Miyakejima caldera collapse was also accompanied by VLPs with dom-
inant periods of 20 s and 50 s, however, the moment tensor displayed a dominant volu-
metric increase unlike the VLPs at Piton de la Fournaise (Kumagai et al. 2001; Kobayashi
et al. 2012; Munekane et al. 2016). This difference can be explained based on the fact that
in Piton de la Fournaise the piston movement was triggered after some melt had already
been erupted, while in Miyakejima it was the piston movement that pressurized the cham-
ber triggering subsequently an eruption (cf. Fig. 7b, c).

Fontaine et al. (2019) suggested that whether or not VLPs will occur during caldera col-
lapse may depend primarily on the roof aspect ratio, since both Miyakejima and Piton de
la Fournaise had an estimated R between 1.9 and 4.25, while for Bardarbunga and Kilauea
the estimated values of R were in the range of 0.3—1.6. This suggestion seems to agree well
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with the fact that thus far there is no evidence that the Bardarbunga collapse produced any
VLPs. However, it is still not clear whether this is the result of the limited station cover-
age at the time, or the overlap of VLP frequency band with that of ambient noise which is
abundant in Iceland and could have hindered the detection of VLPs. On the other hand, at
Kilauea the first 12 detected VLPs were related to shallow draining of the lava lake and
rockfalls (Anderson et al. 2019), whereas the remaining 50 events were directly related to
the caldera collapse (Segall et al. 2019). Therefore more case studies are needed in order to
understand the exact relationship between VLPs generation during caldera collapse and the
roof aspect ratio.

Finally, VLPs generated by a variation of the caldera collapse mechanism have been
reported by Cesca et al. (2020) offshore Mayotte Island in the western Indian Ocean. Simi-
larly to the previous cases about 1.3 km? of melt vacated a deep (~25 km) magma cham-
ber causing the progressive failure of the chamber roof. This produced a pressure pulse
that triggered waves along the fluid-solid interface of the chamber’s roof, resulting in the
generation of 407 VLP signals with dominant periods 15.2-15.6 s and duration of several
hundred seconds. The main difference of such VLPs with signals generated during other
caldera collapses lies in the much greater depth of the VLP source, the extraordinarily long
duration of the signal, and the fact that the roof collapse was facilitated by newly formed,
distributed faults, rather than a pre-existing system of ring faults.

4.2 Phreatic Eruptions

The interaction of magma with water residing in the shallow aquifer beneath the volcano or
in the hydrothermal system often leads to the sudden vaporization of water and its explo-
sive discharge on the surface, producing in this way a phreatic eruption (Stix and Maarten
de Moor 2018 and references therein). The products of such an eruption usually do not
contain any juvenile material and the eruption intensity depends on many factors including
the size of the hydrothermal system, its depth, and the size and dynamic state of the magma
body (if it is ascending or it is static). VLPs have been observed prior to phreatic eruptions
at a number of volcanoes in Japan such as Aso (Kaneshima et al. 1996; Kawakatsu et al.
2000; Legrand et al. 2000), Asama (Maeda and Takeo 2011; Maeda et al. 2019), Ontake
(Nakamichi et al. 2009; Maeda et al. 2015a), as well as Kawah Ijen in Indonesia and White
Island in New Zealand (Caudron et al. 2018), while at Mayon volcano in the Philippines
one VLP event was observed concurrently with a phreatic eruption (Maeda et al. 2015b).
In all of these cases the location of the VLP source was found to lie beneath the active
crater at a depth that ranges from 100 m down to 1.3 km below the surface (cf. Fig. 3b).
Moment tensor solutions of these VLPs have revealed large volumetric components and in
most cases the data could be explained without the presence of a single force (see Table S2
and Fig. 6). An exception to this pattern was the VLP event at Mayon where a downward
single force was required by the data and was interpreted as a force opposite to that of the
explosion, since it occurred during the phreatic eruption (see Maeda et al. 2015b).

Many of the volcanoes where VLPs have been observed prior to or during phreatic activ-
ity exhibit a shallow plumbing system as the one shown in Fig. 8. In such a configuration
the magma chamber provides heat and fluids (in the form of exsolved gases) to the shal-
low hydrothermal system that is represented as a reservoir consisting of permeable rock.
Through fluid circulation the rock becomes chemically altered and the top of the reservoir
is progressively sealed with the deposition of silica, clay, and zeolite minerals, ultimately
resulting in the buildup of overpressure. Once the overpressure exceeds the tensile strength

@ Springer



134 Surveys in Geophysics (2024) 45:117-149

(o]

Ve
N N A T conduit
| 1205 Mesealed top part
Nreservoir /v
NSNS
[a]: N
%\ - ] heat and fluids
s | S

magma chamber

Fig. 8 Configuration of the plumbing system of a volcano that is capable of producing phreatic eruptions.
Heat and fluids from the magma chamber feed the shallow hydrothermal reservoir, while its top part is
progressively sealed by the deposition of minerals. VLPs may occur once a crack develops at the top of the
reservoir and fluid first causes the crack to inflate producing the compressional phase of the VLP waveform
(a), and then the fluid leaves the crack, which subsequently deflates producing the dilational phase of the
VLP waveform (b). The VLP waveform shown in this Figure was recorded at Ontake volcano prior to a
small phreatic eruption (after Nakamichi et al. 2009)

of the rock, cracks may develop that transfer fluids to the conduit in order to be mixed with
rock fragments and get erupted in the surface. Water is the dominant component of the
fluids inside the crack with some fraction being of magmatic origin, while another frac-
tion may be meteoric, since some volcanoes have a well-developed aquifer, or they host a
crater lake as, for example, Aso volcano (Kaneshima et al. 1996; Niu and Song 2021a, b).
Source characteristics of VLPs in the aforementioned volcanoes indicate that their genera-
tion consists of two phases: the phase of crack inflation when superheated water suddenly
vaporizes and increases the crack volume, followed by the phase of crack deflation when
the water vapor is discharged from the other side of the crack into the conduit. Figure 8a, b
shows a comparison of these two phases with the waveform of a VLP event that occurred
prior to a phreatic eruption at Ontake volcano (after Nakamichi et al. 2009), where com-
pression corresponds to inflation and dilatation coincides with deflation of the crack. In
some instances, VLPs have preceded phreatic eruptions for example at Asama (Maeda
et al. 2019) and Ontake volcano (Nakamichi et al. 2009; Maeda et al. 2015a), therefore
early detection of such signals could help efforts to provide warning ahead of the eruption.

4.3 Strombolian Eruptions at Stratovolcanoes

Strombolian activity is the most common type of explosive eruption that involves gas-rich,
low-viscosity magma and it is frequently accompanied by the occurrence of VLPs. Strom-
boli volcano in Italy is the primary volcanic center where such eruptive activity has been
recorded using different monitoring techniques such as seismic, infrasound, geodetic, ther-
mal imagery, and time-lapse cameras. This has allowed the cross-examination of a variety
of datasets in order to pinpoint the physical processes that are responsible for the genera-
tion of VLPs (Chouet et al. 2003; Auger et al. 2006; Guidicepietro et al. 2009; Ripepe et al.
2021; McKee et al. 2022; Legrand and Perton 2022). A widely utilized mechanism that is
employed in order to explain strombolian activity has to do with the coalescence of gas
bubbles into a large slug and its ascent through a conduit prior to bursting at the surface.
This mechanism has been shown to occur in laboratory experiments (James et al. 2004,
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2006) and it has also been associated with the generation of seismic signals of a wide fre-
quency range in numerical simulations (O’Brien and Bean 2008).

The aforementioned studies highlighted the influence that the formation and ascent of
large gas slugs have on strombolian activity and also contributed towards formulating spe-
cific physical models for VLP event generation. In the first of these models, a large gas slug
transits through the base of the shallow volcanic conduit causing pressure to increase at its
front and decrease at its rear (Fig. 9a). This will generate a seismic response in the form
of a VLP event, but it will not produce any synchronous infrasound signal (such a signal
may be produced later when the slug ascends to the surface and bursts). A mechanism of
this kind has been invoked by Chouet et al. (2003) as a means of explaining VLPs occur-
ring at Stromboli, in conjunction with a specific crack geometry at the base of the conduit
derived from moment tensor inversion. A similar mechanism can also produce VLPs when
the crack connects two magma reservoirs, rather than a magma reservoir and the surface.
As the slug transits from the deeper to the shallower reservoir, it passes through the crack
and may generate VLPs by slowly inflating and deflating the crack. These VLPs are usu-
ally accompanied by cyclic tilt changes and they have been observed at Kilauea (Ohminato
et al. 1998), Iwate (Nishimura et al. 2000), Usu (Yamamoto et al. 2002), and Mammoth
Mountain (Hill et al. 2002).

The second model has to do with the formation of a separate layer at the top of the con-
duit that may represent a crystal-rich or foam-rich melt zone that acts as a semi-solid plug.
In this model the slug ascends aseismically until it reaches the base of the semi-solid plug
where it fragments (Fig. 9b) and the pressure disturbance that is generated will propagate
downwards toward the base of the conduit as a crack wave (Ferrazzini and Aki 1987). A
crack wave may develop in the solid—fluid interface due to elastic coupling, when the solid
behaves out-of-phase with the liquid (when the liquid expands, the solid contracts and vice
versa). The effect of this is that the effective bulk modulus of the fluid is reduced, thus the
speed of the crack wave becomes smaller than the sound speed of either the fluid or the
solid. The VLP source lies at the bottom of the conduit and corresponds to the seismic
response to this disturbance, again without producing any synchronous infrasound signals.
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Fig.9 Three different models that are used in the literature in order to explain the generation of VLPs dur-
ing strombolian eruptions: a a large gas slug transits through the base of a volcanic conduit up to the sur-
face where it bursts, b the gas slug fragments after interacting with a semi-solid plug at the top of the con-
duit producing a downward propagating crack wave that excites the VLP source at the base of the conduit,
and c the gas slug rises to the top, bursts and initiates a crack wave that excites the VLP source at the base
of the conduit. Only in the last model there is an infrasound signal produced by the slug burst that is syn-
chronous with the VLPs. Seismic and infrasound waveforms shown in this Figure have been adopted from
Matoza et al. (2022)
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Finally, in the third model the slug also ascends aseismically to the surface where it bursts,
creating a pressure disturbance that propagates downwards as a crack wave, triggering
the VLP source at the bottom (Fig. 9¢). This mechanism will generate VLPs as a seismic
response to the pressure disturbance and the slug burst will also generate a synchronous
infrasound signal.

A mechanism that combines elements of the second and third model has been proposed
by Ripepe et al. (2021) after jointly examining seismic, infrasound, geodetic and thermal
imagery data recorded during eruptions at Stromboli. For VLPs that occur after the slug
burst, it was observed that their timing correlates well with high radiance during the explo-
sions as well as with the high volumetric flux of gas. These observations imply that the
VLP source may be located within the top 250 m of the magma column, hence the occur-
rence of these VLPs corresponds only to the final stage of slug ascent through the conduit.
Based on these observations, Ripepe et al. (2021) suggested a model where the gas slug is
formed above the column of crystal-rich melt, rising aseismically until it reaches the top
250 m of the conduit. At that point the slug exerts pressure on the conduit walls which
is transmitted in the solid medium and corresponds to the initial compression seen in the
VLP waveform (phase Al in Fig. 10). The slug then bursts resulting in pressure reduction
and a sharp dilatation, followed by an oscillating coda that signifies the evolving equilib-
rium between the melt and the crystal-rich mush below (phases A2 and A3 in Fig. 10).

Recently two field experiments at Stromboli and Yasur volcano in Vanuatu have shed
more light on the frequency of occurrence of VLPs related to the second and third models.

A1 A2 A3

Fig. 10 Model that was utilized in order to explain the generation of VLPs at Stromboli volcano (after Rip-
epe et al. 2021). Gas rises from the crystal-rich melt column and pressurizes the conduit generating the
compression phase of the VLPs (A1). The gas is released in the atmosphere hence pressure in the conduit
decreases and this generates the dilatational phase of the VLPs (A2). Oscillatory movement of the crystal-
rich melt inside the conduit is responsible for the VLPs later coda (A3)
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McKee et al. (2022) reported observations from a one-week field experiment at Stromboli,
where the majority (~92%) of recorded VLPs did not coincide with infrasonic signals pro-
duced by slug bursts (hence the term ‘silent VLPs’). The authors proposed a mechanism
where silent VLPs can be generated not by the breakup of a large gas slug, but due to the
slow passage of gas through the semi-solid plug at the top of the conduit. They also sug-
gested that the VLPs that are accompanied by infrasound signals can be explained by the
same mechanism with the difference that gas bubbles this time have larger overpressure,
thus they can ascend through the semi-solid plug and burst. Matoza et al. (2022) conducted
a field experiment at Yasur of about the same duration and also reported that many VLPs
lacked any accompanying infrasound signals. Their interpretation of this observation is
generally based on the models described in Fig. 9b, ¢ along with a particular dual crack or
dual pipe geometry derived from moment tensor inversion. Undoubtedly, the most interest-
ing observation from both studies is the apparent dominance of VLPs without synchronous
infrasound signals which points to the existence of a crystal-rich, semi-solid zone at the top
of the conduit. Longer deployments of such field experiments would help determine with
greater certainty the percentage of ‘silent VLPs’ and allow to put more constraints on the
interaction mechanism of ascending gas and the semi-solid plug at the top of the conduit.

4.4 Vulcanian Eruptions

Vulcanian eruptions involve magma with higher viscosity that may form solidified plugs
on top of the conduit or may extrude as a lava dome resulting in more explosive behavior.
VLPs have been found to accompany vulcanian or dome building activity at several volca-
noes, namely Fuego in Guatemala (Lyons and Waite 2011), Merapi in Indonesia (Hidayat
et al. 2000, 2002; Jousset et al. 2013), Mt St Helens in NW United States (Waite et al.
2008), Popocatépetl in Mexico (Chouet et al. 2005) and Redoubt in Alaska (Haney et al.
2013). While in all of these volcanoes the source properties of VLPs appear similar, with
large volumetric components and occasionally single forces, there is an important differ-
ence regarding their location and waveform similarity. At Merapi the VLPs were located
inside the extruding lava dome and their waveform similarity degraded over time, signify-
ing that the cracks inside the dome progressively opened or closed due to sealing. On the
contrary, at the other volcanoes the VLPs exhibited a high degree of similarity throughout
the study period that indicates a repeating and stable generation mechanism. In these cases
the geometrical interpretation of the VLP source has to do with one vertical crack con-
nected to a subhorizontal one, that may represent a dike-sill system. These observations
highlight that the VLP source in these volcanoes corresponds to a stable geometrical con-
figuration deep within the volcano edifice.

4.5 Strombolian Eruptions and Rockfalls at Lava Lakes

Lava lakes represent vents within large volcanic systems where lava accumulates and
remains in a mobile state for extended periods of time due to fluid and heat convection
between the lake and a deeper reservoir (Francis et al. 1993). Erebus is a stratovolcano
of phonolitic composition that lies in Ross Island, west Antarctica, and hosts a persistent
lava lake where large diameter (> 5 m) gas slugs ascend and explosively decompress at the
lake’s surface causing strombolian eruptions. VLPs at Erebus are recorded in the near-field
(0.7-2.5 km) and constitute a common form of seismic activity (Aster et al. 2003). The
waveforms of these VLPs consist of the initial part which exhibits the highest amplitude
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and the coda part with a duration of tens of seconds, however, in most cases it is difficult to
find the exact time boundary that separates the two parts (Fig. 11). Multiyear observations
have revealed that the initial part of VLPs may be quite variable in contrast to the coda part
that is very similar among different events through time. Moment tensor inversion of VLPs
points to a shallow (< 1 km) source beneath the lava lake that represents a combination of
moment tensor and a downward force indicating upward acceleration of melt (Aster et al.
2008).

Figure 11 depicts a physical mechanism of VLPs generation at Erebus as suggested by
Knox et al. (2018) based on waveform characteristics, source inversion results and images
taken from a time-lapse camera installed near the lava lake. Initially gas bubbles coalesce
and form large slugs near the base of the conduit that connects the lake with the deeper
reservoir. The gas slug then ascends aseismically through the conduit growing in size due
to decompression and bursts near the surface generating the initial part of the VLP wave-
form. This strombolian eruption removes material from the top part of the lava lake and
disturbs the gravitational equilibrium between the lake and the melt that resides inside the
conduit. The gradual refilling of melt at the base of the conduit progressively restores the
equilibrium and is also responsible for the decaying coda of the VLPs. The variation in
explosion styles of the slugs can then explain the variable initial part of VLPs, while the
stable conduit geometry gives rise to the very similar coda of VLPs at different time peri-
ods. At lava lakes, weak VLPs can be also generated by gas-pistoning which is a term that
refers to the cyclic rise and fall of a crusted lava surface (Swanson et al. 1979). Chouet and
Dawson (2015) analyzed such VLPs with periods of about 20.5 s and attributed them to a
mechanism of foam formation and collapse that results in gas accumulation and loss at the
top of the lava column.

Another mechanism of VLP generation in lava lakes has to do with rockfalls that impact
the surface of the lake, creating in this way a disturbance that propagates downwards
through coupling at the fluid-rock interface. Chouet and Matoza (2013) found numerous
VLPs that occurred during episodes of deflation of the Kilauea summit whose locations

slug
bursting

VLP coda
? 10s

recharge

Fig. 11 Geometrical configuration of the conduit that connects the magma reservoir with the lava lake at
Erebus volcano (after Knox et al. 2018). Large gas slugs ascend through the conduit aseismically and burst
at the surface of the lake removing material and initiating the oscillatory recharge of the conduit. The initial
part of the VLP waveform corresponds to the slug bursting and the coda part to the recharge phase. The
question mark denotes the uncertainty in defining when exactly the one phase stops and the other phase
starts
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were ~1 km below the lava lake that is hosted at the Halemaumau pit crater. These events
resembled the VLPs at Erebus, with high initial amplitude followed by a decaying coda
coinciding in time with visual observations of rockfalls in the lake. Moment tensor inver-
sion performed using stacked VLP waveforms determined that the source could be ade-
quately represented by time-dependent moment tensor elements without the need to
include single forces.

Figure 12a shows the possible configuration of the lava lake, conduit and magma cham-
ber beneath Halemaumau whose equilibrium is disturbed once the rockfalls start occurring.
Chouet and Matoza (2013) argued that a simple mechanical analog of this configuration is
a body with variable mass m(f), representing the amount of melt in the lake, which lies on
top of an elastic spring with constant & that accounts for the compressibility of the melt and
the elasticity of the encasing rocks (cf. Fig. 12b). The authors further developed a lumped
parameter model that describes the vertical displacement z of the mass (lave lake surface)
when the system is subjected to an external force F, () (produced by the rockfalls) and
the movement is constrained by friction at the walls (damping due to melt viscosity). This
leads to a second order differential equation of the form

2
m(t)% + b% +kz=F, (1) (14)
where b is the damping coefficient that depends on magma viscosity and the conduit
length. The numerical solutions of this equation can be used to estimate volume changes of
magma in the system as a function of time such that
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Fig.12 a The configuration of the lava lake and plumbing system beneath Kilauea volcano. Rockfalls
impact the surface of the lava lake and trigger VLPs due to conduit oscillations, b simple analog model of
the lava lake-conduit-magma chamber system (see text for more details), and ¢ changes in volume of the
material in the lake as a function of time calculated using a simple, lumped parameter model described in
the main text (after Chouet and Dawson 2013)
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AV(D) = 2(DA, s)

where A, is the conduit cross-section. The best agreement between these volume change
estimates and the ones inferred from the time-dependent moment tensor of VLPs can be
achieved for rockfall volumes between 200 and 4500 m? (cf. Fig. 12c).

It is interesting to note that the physical mechanisms of VLPs generation at lava lakes
described above have a ‘top-down’ form (Patrick et al. 2011), in the sense that a superficial
disturbance in the lake (degassing, slug bursting, rockfalls) sets into oscillatory motion the
plumbing system, producing VLPs with a decaying coda. Liang et al. (2020a, 2020b) uti-
lized this idea and extended the simple oscillation model of Chouet and Matoza (2013) in
order to perform a Bayesian inversion of VLP features (oscillation period, decay rates, sur-
face displacement spectra) in order to infer the conduit geometry and viscosity of magma
in the Kilauea lava lake. Notable additions to the oscillation model is the inclusion of grav-
ity in the form of magma buoyancy and viscous boundary layers along the conduit walls.
The inversion results showed that magma inside the conduit exhibits density stratifica-
tion which is essential for the generation of VLP oscillations by providing the necessary
buoyancy. In the same spirit, Crozier and Karlstrom (2022) utilized features of VLPs that
occurred at different time periods in order to study the evolution of magma temperature
and volatile content in the years 2008-2018 at Kilauea.

5 VLPs in the Era of Machine Learning

In recent years machine learning techniques have become very useful in seismology as a
means of detecting seismic signals and patterns within large volumes of data, a task that
would otherwise be time consuming and heavily influenced by subjective choices made by
the analyst (for an overview see Kong et al. 2019). The two main types of machine learning
algorithms are namely supervised and unsupervised learning, where the difference between
the two lies in the requirement of the former to first train the algorithm with known data
before its application to an unknown dataset. Supervised machine learning is typically used
in signal classification problems employing algorithms such as neural networks, support
vector machines or random forest, while unsupervised learning is primarily used in cluster-
ing data by similarity with algorithms such as K-means, spectral or hierarchical clustering
(for more details see Theodoridis and Koutroumbas 2009). Classification of seismic signals
into categories and the grouping of each category of signals into families based on their
similarity, are both important tasks in the field of volcano seismology. Examples of the
application of machine learning algorithms at different volcanoes can be found in Piton de
la Fournaise (Maggi et al. 2017), Ubinas in Peru (Malfante et al. 2018), Cotopaxi in Ecua-
dor (Duque et al. 2020) and Redoubt in Alaska (Konstantinou et al. 2022) among others.
The application of machine learning algorithms to VLPs is so far limited to few vol-
canoes where the quality and quantity of the recorded data is sufficiently high in order to
obtain significant results. At Stromboli volcano (Esposito et al. 2008) utilized unsupervised
machine learning in the form of Self-Organized Maps in order to obtain families of VLP
events and then correlated each family to particular vents that were erupting. More recently,
Romano et al. (2022) applied the same machine learning algorithm to VLP data recorded
by a strainmeter installed at Stromboli and also found that events can be clustered in two
large families. At White Island volcano, Park et al. (2020) used waveform semblance to
detect VLP events during 2013-2020 and then employed some of these events as templates
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in order to further identify VLPs that occurred prior to 2013 when only one station was
available. The authors then applied hierarchical clustering to the combined VLPs catalog
and obtained two families of events, one of which was found to systematically occur prior
to unrest periods. All of the above studies agree that the similarity of VLP events within a
single family may either be due to similar location, and/or due to a similar source process
that repeats itself in a non-destructive way. However, as shown by Esposito et al. (2008)
location may not always be the most important factor of the two, since VLPs with similar
waveforms were located beneath different vents, suggesting that the source time history of
these events contributed more to their similarity than source location. At Kilauea Dawson
et al. (2010) have utilized a Hidden Markov model of pattern recognition in order to detect
VLPs generated due to episodic degassing in the lava lake.

Future applications of machine learning algorithms for the purpose of classifying VLPs
by waveform similarity could focus on two possibilities: (1) the analysis of older archived
datasets, and (2) the real-time detection of VLPs that may occur prior to unrest or phreato-
magmatic activity. At many volcanoes worldwide there is an already accumulated archive
of recorded continuous data that can be utilized in order to detect and classify VLPs in
different families using the techniques mentioned previously. Each family of VLPs could
then be associated with past periods of unrest and eruptions, while stacked waveforms of
each family could be located and inverted for deciphering source processes. The stacked
waveforms of VLPs that occurred prior to eruptions can also be utilized as a template in
order to identify similar VLPs in real-time and thus provide warning before the onset of an
eruption. This may be particularly important in the case of VLPs that precede intense phe-
nomena such as phreatic eruptions or caldera collapses.

Another future application of machine learning has to do with analyzing data acquired
through the deployment of Distributed Acoustic Sensing (DAS) at volcanic environments.
DAS is a promising technological development that measures strain in an optical fiber
using interferometry once this fiber becomes slightly deformed due to the disturbance gen-
erated by propagating seismic waves. The length of a DAS cable that contains the opti-
cal fiber may vary from hundreds of meters to several kilometers and the cable is usually
buried within some tens of centimeters beneath the surface. The main advantage of DAS
cables over traditional seismometers is that they have a spatial resolution of a few meters,
thus providing high spatial as well as temporal density of the recorded seismic wavefield.
This high sampling density also entails an enormous volume of acquired data that needs to
be analyzed and it is exactly the point where machine learning algorithms can be applied.
At active volcanoes pilot studies of DAS cable deployments have already been performed
and have shown the potential for DAS to become the standard way of recording and moni-
toring seismicity at volcanic environments (e.g., Klaasen et al. 2021; Jousset et al. 2022).
More specifically, DAS has been shown to reliably record frequencies down to 0.01-0.03
Hz (Klaasen et al. 2021; Shinohara et al. 2022). In this respect it is expected that machine
learning will be essential in the analysis of DAS acquired data by recognizing patterns in
VLPs as well as in any other volcanoseismic signals.

6 Concluding Remarks
It is now widely recognized that volcanoes represent broadband sources of seismic energy

and that within the group of volcanoseismic signals VLPs constitute the lowest end mem-
ber based on their frequency content. This makes VLPs less prone to distorting propagation

@ Springer



142 Surveys in Geophysics (2024) 45:117-149

effects than other signals and hence they have been considered as good targets for detailed
source studies. The fact that VLPs are detected in different volcano types and they can
be generated by a variety of physical mechanisms, also contributes towards their potential
usefulness in elucidating fluid mass movement beneath active volcanoes. This review has
highlighted several methodological issues that could be improved or further investigated in
the future in an effort to better constrain source models and their physical interpretation:

e Most unconstrained source inversions of VLPs follow a point-source approximation
and focus only on the temporal evolution of the source properties. A fundamental criti-
cism of such an approach is that it completely ignores the spatial extent of the source
which is expected to be considerable, since fluids flow within finite dimension con-
duits. Legrand and Perton (2022) have recently proposed an inversion methodology for
VLPs recorded at Stromboli that makes use of a spatially extended conduit in order
to recover the fluid overpressure and depth of the magma column beneath the crater
surface. It remains to be seen whether an extended source description for VLPs will
become more common or even replace point-source approximation in the future. This
development would complement the use of extended sources for the analysis of crack
resonance in LP events (e.g., Nakano et al. 2007).

¢ Single forces are commonly included in the source description of VLPs, which appears
to be a plausible source component, taking into account the likely vertical accelera-
tion of fluids. However, it has become clear by now that factors such as data quality or
source mislocation (aggravated by the dominance of near-field effects in VLP signals)
can severely hamper attempts to show that single forces significantly contribute to the
overall amplitude of VLPs. One approach to tackle this problem is to perform synthetic
tests using a variety of scenarios involving sources with and without single forces, dif-
ferent noise levels, and variable degree of source mislocation. These tests will help to
determine to what extent and with what confidence level single forces can be recovered.
Higher resolution images of the shallow velocity structure at volcanoes would also help
to improve location accuracy of VLPs and minimize the chances of including spurious
single forces in their source representation.

e The passband of seismic sensors and the subsequent processing of the recorded seismo-
grams have been found to potentially generate artifacts when the source time function
of the VLPs has a ramp-like long duration. This issue has to be further investigated by
analyzing different datasets and by quantifying to what extent these artifacts can affect
source inversion results. In such cases co-location of GPS receivers and seismometers
is beneficial in order to detect artifacts by comparing synthetic (GPS-derived) and
recorded seismograms.

e Poisson ratios determined from the eigenvalues of VLP moment tensors were found to
be much larger (> 0.4) than the value expected for a Poisson solid (~0.25), or the value
commonly assumed for volcanic environments (~0.33). This discrepancy influences
the exact relationship of the Lamé parameters, resulting in an increase in the uncer-
tainty of volume change estimated from the seismic moment of VLPs. Caution should
then be exercised when interpreting this volume change as the quantity of fluid that has
entered or vacated the plumbing system of the volcano under study. Anomalous Pois-
son ratios are not only observed in the case of VLPs but also in a multitude of other
signals (microearthquakes, man-made explosions, cavity collapses) as reported by Tape
and Tape (2013). Poor station coverage and limited knowledge of the velocity structure
may have played a significant role in some of these cases, however, it is doubtful that
they are the sole cause for all of them.
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e The study of VLP signals would greatly benefit from a rigorous statistical analysis of
their properties (period, source depth, seismic moment and moment tensor, etc) and
their comparison among different volcanoes, as attempted in a rudimentary way in this
work. This would require detailed catalogs of VLPs being compiled for each volcano
that would be publicly available much in the same way that catalogs of volcano-tec-
tonic or LP earthquakes are. This would offer more insight into the source generation of
VLPs and further promote open and transparent research in this field.

In terms of instrumentation, new technological developments such as DAS or 6 degrees
of freedom seismometers have the potential to steeply increase the quantity and quality of
data at active volcanoes, a prospect that will undoubtedly have a large impact on the study
of VLPs. The application of efficient machine learning algorithms will then provide valu-
able new knowledge in the occurrence patterns and source properties of VLPs as well as
other volcanoseismic signals.
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