Nonlin. Processes Geophys., 18, 9286 2011 4 "* .
www.nonlin-processes-geophys.net/18/925/2011/ GG Nonlinear Processes

doi:10.5194/npg-18-925-2011 in Geophysics
© Author(s) 2011. CC Attribution 3.0 License. -

Self-sustained vibrations in volcanic areas extracted by Independent
Component Analysis: a review and new results

E. De Lauro, S. De Martino, M. Falanga, and M. Palo
Dipartimento di Ingegneria Industriale, Salerno University, Ponte Don Melillo street, 84084, Fisciano (SA), Italy

Received: 31 May 2011 — Revised: 27 October 2011 — Accepted: 14 November 2011 — Published: 8 December 2011

Abstract. We investigate the physical processes associated Introduction

with volcanic tremor and explosions. A volcano is a com-

plex system where a fluid source interacts with the solid ed-The ultimate goal in Volcanology is to forecast eruptions.
ifice so generating seismic waves in a regime of low tur-Since at least three decades, the rising number of observed
bulence. Although the complex behavior escapes a simpl@henomena associated with eruptions led many scientists to
universal description, the phases of activity generate stabl®elieve that it could be possible to obtain a simple set of
(self-sustained) oscillations that can be described as a norempirical relationships suitable for this purpose. This opti-
linear dynamical system of low dimensionality. So, the sys-mistic goal vanished because of the complexity of the phys-
tem requires to be investigated with non-linear methods ablécal framework that has not a well defined theoretical de-
to individuate, decompose, and extract the main characterisscription yet. Indeed, volcanoes can be schematized as fluid-
tics of the phenomenon. Independent Component Analysisiynamical systems developing turbulence, characterized by
(ICA), an entropy-based technique is a good candidate fol complex thermodynamic behavior, whose activity is, from
this purpose. Here, we review the results of ICA applied toa seismological point of view, readable in the interaction of
seismic signals acquired in some volcanic areas. We emphdlow (sources) with the solid edifice. This is surely true for
size analogies and differences among the self-oscillations inboth basaltic and andesitic volcanoes in the stationary regime
dividuated in three cases: Stromboli (Italy), Erebus (Antarc-and in the paroxysmal phase. Moreover, even simple phe-
tica) and Volé@n de Colima (Mexico). The waveforms of the nomenological aspects cannot be reproduced in laboratory
extracted independent components are specific for each vokxperiments because of the complexity which involves many
cano, whereas the similarity can be ascribed to a very gentime and spatial length scales.

eral common source mechanism involving the interaction be- Despite this, “collective” phenomena occur, such as vol-
tween gas/magma flow and solid structures (the volcanic edeanic tremor, long period (LP) seismicity, and explosion-
ifice). Indeed, chocking phenomena or inhomogeneities inqguakes which often precede, accompany and follow the
the volcanic cavity can play the same role in generating self-eruptive process. The fluid-dynamical system that operates
oscillations as the languid and the reed do in musical instruwithin the magmatic plumbing system has in general in-
ments. The understanding of these background oscillationinitely many degrees of freedom. Nevertheless, the phases
is relevant not only for explaining the volcanic source pro- of volcanic activity (tremor and explosion) we analyze gen-
cess and to make a forecast into the future, but sheds light osrate globally organized stable oscillations that can be de-
the physics of complex systems developing low turbulence. scribed by representative degrees of freedom at a coarse-
grained level. In other words, the physical processes caus-
ing the seismic waves in an active volcano are related to the
fluid flows which induce self-sustained oscillations (i.e., seis-
micity) in the conduit’'s wall if there is a suitable impinge-
ment geometry and, at low Reynolds numbers, the convec-
tive scales match the viscous ones (Villermaux and Hopfin-
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Published by Copernicus Publications on behalf of the European Geosciences Union and the American Geophysical Union.



http://creativecommons.org/licenses/by/3.0/

926 E. De Lauro et al.: A comparison among self-sustained vibrations in volcanic areas

including bubble growth or collapse, jerky crack propaga-the basic elements that can lead to a simple universal de-
tion, oscillations of magma chambers, resonance of fluid-scription of the volcano activity. We organize the paper first
filled cracks and flow-induced oscillations of conduits (Mc- illustrating the ICA method, then showing its application to
Nutt, 2005). The explosions are due to the formation and asebserved seismic signals recorded at three different volca-
cent of slugs within the shallow plumbing system by meansnoes: Stromboli (ltaly), Erebus (Antarctica) and \ficde
of the coalescence of diffusing bubbles (Chouet et al., 2003Colima (Mexico). Finally, the main conclusions are summa-
Bottiglieri et al., 2005). rized.

Due to the complexity of the phenomena governing vol-
canic activity, non-linear models seem to be more ade-
quate to describe the volcano’s dynamics. Specifically, non2 Independent component analysis
linear processes similar to those producing self-oscillations
in string and wind instruments such as violins and organThe complexity of the seismic signals recorded in volcanic
pipes have been invoked (Woodhouse, 1996; De Lauro eareas requires to be investigated in a time-domain approach,
al., 2007) to explain the generation of volcanic signals. Ju-which is appropriate for retrieving non-linearity. Indeed,
lian (1994) proposed flow-induced non-linear oscillations in there are physical systems with very similar Fourier trans-
channels transporting volcanic fluids as a possible generform but which have completely different in waveforms (see,
ating mechanism for sustained tremor as well as transiene.g. De Lauro et al., 2005b). There exist many techniques de-
signals. According to that model, the oscillations are sus-veloped for quantitatively characterizing the complexity of a
tained by a cyclic feedback, which is caused by variationsdynamical system from a given finite set of (noisy) measure-
in the flow speed and pressure. Balmforth et al. (2005) ex-ments. Certain methods are computationally less demanding
tended the flow-induced non-linear oscillations model of Ju-but statistically suboptimal in many situations, while statis-
lian by including the dynamical behaviour of the fluid and tically optimal methods can have a very high computational
the elasticity of the conduit’s walls. Similar non-linear mod- demand or cannot be realized in many practical situations.
els were also developed for more complex fluids such as lig-Then, the choice of a suitable estimation method mainly de-
uid/gas two-phase flows (Fujita et al., 2004; lwamura andpends on the assumed data model, which may be either lin-
Kaneshima, 2005). Recently, De Lauro et al. (2009c) in-ear or non-linear, dynamic or static, random or deterministic.
troduced a non-linear model based on the Andronov’s oscil-Corresponding methods include Principal Component Anal-
lator (Andronov et al., 1966), suitable to describe the self-ysis (PCA), Singular Value Decomposition (SVD) (see, e.g.
sustained vibrations of resonant structures, in terms of clusHyvainen et al., 2001; Wall et al., 2003) and methods de-
ters of non-linearly excited classical oscillators. rived from previous ones such as Singular Spectrum Analy-

However, the understanding of the source mechanismsis (SSA) for univariate data and its multivariate extension
causing the ground oscillations and the characteristics of théulti-channel SSA (MSSA) (see, e.g. Elsner and Tsonis,
resulting signals has to be recovered from the experimen1996). We remind that PCA transforms a number of (pos-
tal data, facing a typical inverse problem. The complexity sibly) correlated variables into a (smaller) set of uncorrelated
of the topographic volcanic structure generally reflects intovariables called principal components. Indeed, it projects the
the high-frequency seismic wavefield 0.5 Hz), making the  high-dimensional data onto a new coordinate system with
investigation of its properties very hard. Indeed, the pres-fewer dimensions. The largest fraction of variance of the
ence of heterogeneities can affect the recorded signals, whicbriginal data is taken care of by the first coordinate or princi-
might display low spatial coherence and site dependencepal component and each succeeding component accounts for
Methods based on the concepts of complexity, statistics, ands much of the remaining variability as possible (Hsimen
ergodicity are exploited to extract the relevant properties ofet al., 2001). The idea of SSA relies on elementary linear
the source mechanism re-conducting the complexity of thealgebra: a basic understanding of concepts such as matrix-
waveforms to simpler and smooth signals, whose suitablevector products, eigenvalues and eigenvectors is hence nec-
combinations rebuild the original recordings. A non-linear essary. In other words, it takes into account the information
approach is required because linear analysis is not a goodontained in the covariance matrix. MSSA, a combination of
indicator of the behavior of non-linear systems. There areSSA and PCA also takes cross-correlations into account.
many methods used for this aim, and Independent Compo- While the previously described methods are based on
nent Analysis (ICA) represents a particularly powerful one. second-order statistics (covariances), the intuitive notion
ICA performs a blind separation of statistically indepen- of maximum non-Gaussianity is used in ICA involving
dent signals adopting the intuitive notion of maximum non- higher-order statistics.  Specifically, ICA is an entropy-
Gaussianity. This is achieved involving fourth-order statis- based technique, introduced in the early 1980s in a neu-
tics techniques prone to detect nonlinearity. rophysiological setting (Brault and Ans, 1984), to sepa-

We review the results achieved by applying ICA to seis-rate mixtures of signals (for more details, see Hiyen
mic signals recorded at different volcanoes (basaltic and anet al. (2001) and many papers cited therein). The central
desitic), critically individuating in their complex behaviour idea is to the find underlying components from multivariate
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(multidimensional) statistical data on the basis of their sta- In our case, the implementation of ICA is achieved by
tistical independence evaluated by using 4th-order statisticaineans of thdixed-pointalgorithm, referred to as FastICA.

properties. This algorithm contributed to the application of ICA to a va-
Let us explain in brief the mathematical setting on which riety of phenomena due to its computational efficiency.

ICA is based. We suppose to hauedifferent time seriex Rigorously, this algorithm is based on an approximating

that we hypothesize to be the linear superposition afu- Newton iteration scheme. The FastICA learning rule finds

tually independent unknown signas The mixing is repre-  a direction, i.e. a unit vectow such that the projection
sented by a constant unknown matfix This mixing is es-  w’ x maximizes the non-Gaussianity of the single estimated
sentially due to path, noise, instrumental transfer functionssourcey. The non-Gaussianity is here measured by the ap-
etc. The hypothesis is to have linear mixtures of some indeproximation of the negentropy given by

pendent dynamical systems. If the mixing has to be Ilnear,J W) = [E{GW )} — E{GW)IT2, )
nothing is assumed with respect to the component signals,

which can be generated by linear or non-linear dynamicawhere G is a suitable non-quadratic functiow; is an m-
systems (such as a harmonic oscillator or Van der Pol oscildimensional (weight) vectox represents our mixture of sig-
lator). We assume an instantaneous mixing model, thus wéals, andE{(w’x)?} =1, v is a standardized Gaussian ran-
neglect any time delay that may occur in the mixing. For- dom variable. Maximizing/s allows to findoneindependent

mally, the mixing model is written as component. This algorithm requires a preliminary whitening
n of the data, which consists of obtaining new mixturey (
X=Y aijsj+v. (1)  which are uncorrelated and have unit variance. Whitening is

accomplished by PCA.
The one-uniffixed-pointalgorithm for finding the weightv
is (Hyvarinen et al., 2001):

wherex is an observean-dimensional vector, and is an
n-dimensional random vector to be estimated whose compo*
nents are assumed to be mutually independénis a con-  w* = E[vg(w! v)]— E[¢' (W] v)]w;

stantmx n matrix to be estimated. The additive noise term Wi = W/ W], (4)
v is, generally, incorporated in the sum as one of the source

signals. Supposing that the number of sources is equal to thwhere g() is a suitable non-linearity, in our cagey) =

number of mixtures, the aim of ICA is to obtain a separatingtanf(y), and¢’(y) is its derivative with respect t. The
matrix W=A"1 in such a way that the vectgr=Wx is an algorithm of the previous equations estimates just one of the

estimatey~s of the original independent signals. ICs. To estimate several independent components, we need

The basic ICA model requires the following assumptions: allto run the one-unit FastiCA algorithm using several units
the independent components (ICs), with the possible except€-g. neurons) with weight vectowsy,...,w,. To prevent
tion of one of them, must be non-Gaussian; the number ofifferent vectors from converglng to the same maximum we
the observed linear mixtures must be at least as large as tH8USt decorrelate the outputg] x,...,w, x after each iter-
number of independent components; the ma&rinust be of ~ ation. In specific applications it may be desired to use a
full column rank. symmetric decorrelation, in which vectors are not privileged
ICA is a statistical model based on the central limit theo- Over the others. This can be accomplished by the classi-
rem, which establishes that the distribution of a sum of in-cal method involving matrix square roots. The main advan-
dependent random variables tends under certain condition&ges of the FastiCA algorithm is that its convergence is very
towards a Gaussian distribution. Hence, the main idea ofast (cubic or at least quadratic) and that the adopted con-
the ICA model is to maximize the non-Gaussianity (super-trast function has good statistical properties, such as robust-
Gaussianity or sub-Gaussianity) to extract the independenft€ss. FastiCA being a heuristically-based implementation of
components. ICA does not require “a priori” additional assumptions (such
Some heuristic approaches have been proposed in the Iig8S, €.9. sparseness of spectral signals, assumptions of non-
erature to achieve the separation. Among them, a good medlegativity of the source signals) about the pure components.

sure of independence is given by the negentrdgy). It There are other approaches based on similar ideas as ICA,
relays upon the information-theoretic quantity of differential Such as least-dependent component analysis (MILCA algo-
entropyH of a random vector and is defined as follows: ~ fithm, Sbgbauer et al., 2004) or non-Gaussian component

analysis (SNICA algorithm, Kawanabe et al., 2007). They
J(2) = H (zgausd — H(2), (@) use a Mutual Information (MI) estimator instead of non-
wherez is a random variable angjaussis a Gaussian ran- Gaussianity to find the least dependent components under a
dom variable with the same covariance matrixa3he es- linear transformation.

timation of the negentropy is difficult and, in practice, some It is important to underline that ICA with the FastICA al-

approximations must be introduced (Hyinen et al., 2001).  gorithm is very efficient to extract self-oscillations and peri-
These approximations involve the estimate of 4th-order staedic signals from noise or non-linear mixtures up to an am-
tistical moments. plitude ratio smaller than three order of magnitude, making
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it a powerful tool in the case of volcanic signals (De Lauro
et al., 2005b). We remark that ICA has already been suc-
cessfully applied to a variety of experimental signals from
biology to geophysics (see e.g. Fiori, 2003). For example,
ICA has been recently applied by Orihara et al. (2009) to San Vincenzo |
distinguish seismic electric signals (SES) — which are low-
frequency electric signals preceding earthquakes originally
found in Greece (see Varotsos and Alexopoulos, 1984a, b) -
from artificial noise. For the volcanic-seismic swarm activity
in 2000 in the Izu Island region in Japan (Uyeda et al., 2009)
analyzed in natural time (which is a new time domain intro-
duced in Varotsos et al., 2002), the seismicity subsequent tc
the SES recorded and identified the occurrence time of theginostra
first major earthquake (magnitude class 6 on 1 July 2000)

with an accuracy of a few days, in agreement with the pro-
cedure suggested by Varotsos et al. (2006). More recently,

a convolutive extension of ICA has been applied to the de-
tection of long-period events at the Campi Flegrei volcano

(Italy) (see, Ciaramella et al., 2011). Very interesting resultsFig. 1. Map of Stromboli volcano (Italy), where the vents are
of ICA applications were also obtained for the acoustical andindicated by black dots (frorhttp://www.swisseduc.ch/stromboli/
mechanical vibrational fields in an organ pipe (De Lauro etvolcano/geogr/maps-en.htmnl

al., 2007) or the optical depth and aerosol index in atmo-

sphere (De Martino et al., 2002a; Cuomo et al., 2009). Major

details of the application of this technique to dynamical sys-€Vents; the last two occurred on December 2002 and Febru-

tems and interesting extensions of it to a non-linear modeP"Y 2007. _ _ _
can be found in De Lauro et al. (2005b), Lin et al. (2005), The seismic wavefield at Stromboli has been extensively

Ciaramella et al. (2006) and Lin and Tung (2007). studied by using advanced signal processing techniques. In
Here, we critically review the results relative to three se- particular, Del Pezzo et al. (1992), Chouet et al. (1997), and

: o . Acernese et al. (2003, 2004) studied the composition of the
lected volcanic areas deriving some constraints on the sourCﬁi h-frequency wavefield 0.5Hz) associated with the ex-
model. Similar studies were performed at Merapi (Cabras e gh-ireq y ) . ) .
al., 2008) and Etna (Cabras et al., 2010) p|QSIOn qL_Jakes. Chouet et al. (2003) mvgsﬂgated the seis-

R . o mic wavefield associated with very long period events (VLP),

The independent oscillations in seismology are often chary retrieved the equivalent elastic source mechanism which
acterized in terms of polarization properties. Briefly, the nu-;,.|,des both moment tensor and single force components.
merical estimate of the polarization vector is based on thernase authors estimated for a typical VLP event a volume

diagonalization of the covariance matrix of the three COMPO-change on the order of 206rand a single vertical force with

nents of motion. The eigenvector corresponding to the max, magnitude on the order of 9. This model is compatible

imum eigenvalue defines the polarization vector described,;i, 5 magma movement perched above the source centroid
by azimuth, dip and rectilinearity (RL) in a reference frame ,qsition, in response to the rise of a gas slug into the conduit.
defined by the East-West/North-South plane and its normaﬁnore recently, De Martino et al. (2011b), studying the erup-
(yertical direction)..This method provides in' case of longitu- 4,6 process of both the crises of 2002 and 2007, have also
dinal waves an estimate of the source localization. found a precursor of the effusion in the tidal frequency

regime, indicating that a modification of the local rheology

represents the first response of the system to the departure
3 Stromboli from a stationary regime.

Although it now appears clear that the magmatic processes

Stromboli is a volcanic island of the Aeolian arc in the &€ associated with the low-frequency bard(@ Hz), the-
Tyrrhenian Sea (Italy). This volcano rises about 924 m a.s.I. Nigh frequency band, generally associated with the vibrations
most of the products are ejected from the craters placed on g the conduit, is a direct consequence of a turbulent de-
terrace at 700 ma.s.l. It is characterized by persistent explo9@SSing, that can be considered as an epiphenomenon of the
sive activity superimposed to a background volcanic tremorMagma dynamics. Therefore, the application of ICA intends
This activity is so characteristic to be hamed “Strombolian” to recoverf[he s'lmplest'oscnlatlons related to the vibrations of
also when appearing at other volcanoes (Aster et al., 2003t,he volcanic edifice strictly connected to the source process.
De Lauro et al., 2009a, b; Patet al., 2008). Sometimes,
it is interrupted by effusive phases and/or by big explosive

r5‘115m

Pta. Labronzo Stromboli

San Bartalo

Sciara del Fuoco
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Fig. 2. Left panel: an example of seismic recordings acquired at Stromboli in 1997. Explosion-quakes are visible superposed to the
background volcanic tremor (upper panel) and in the related spectrogram (lower panel). The spectrogram was calculated using a Fast Fourie
Transform (FFT) with a sliding Hanning windowing (from De Lauro et al., 2008). Right panel: the normalized stacked power spectrum of
the seismic series shows that the energy is mainly concentrated into three distinct frequency bands (different colors regardhe radial (
transverser and vertical {) directions of motion).
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Fig. 3. Strombolian explosion-quakes in the higher frequency bghd 0.5Hz). Left panel: PCA results. A few principal components
contain essentially all the dynamically relevant information. Right panels: ICA results. Only three components are independent with a
specific and well-defined spectral content (from Acernese et al., 2004).

3.1 Spectral analysis 3.2 Application of ICA to Stromboli seismic signals

A map of Stromboli volcano is displayed in Fi). whereas A first application of ICA to seismic signals was performed

.F'g' 2 coptams an ega'mple of seismogram anq frequenue%n explosion-quakes at Stromboli by Acernese et al. (2003,
involved in the seismicity recorded during a stationary phasezoo4)_ After synchronizing the seismic traces at all the sta-

of Ithe actlk\)nty dat dStrO?bﬁ“' lcani q losi tions in order to have instantaneous mixtures (the conditions
t can be deduced that volcanic tremor and exp OSIOn'required by standard linear ICA), the authors preliminarily

quakes share the same spectral content, which is mainly COThpplied PCA to reveal the internal structure of the data and
centrated in distinct frequency bands (see Fig. 2-right IOanebexplain the variance in the data. As shown in the left panel of

the_high frequency regioy > 9'5 H_Z that is the mgst ener- Fig. 3, a few significant eigenvalues emerge from this anal-
getic pand (as already described in several previous pape.r§,-SiS suggesting a few degrees of freedom underlying the dy-
see Ciaramella et al. (2004) and references therein); the N amical system. Once the dimensionality of the data has

termediate band.0 < f < 0.5Hz (discussed by De Lauro et been recognized, the authors applied ICA to check whether a
al., 2005a) and the very low frequency baad.1 Hz (see decomposition was possible

De Martino et al., 2005).
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Fig. 5. Erebus, Ross Island (Antarctica): map of the volcano with
the location of the permanent MEVO short-period and broadband
seismic network, and the temporary PASSCAL deployments.
Fig. 4. ICA decomposition of Strombolian tremor: four indepen-
dent signals are extracted with spectral content in the following
ranges: [0.1-0.5], [0.8-1.5],[2-3.5], and [4-6] Hz (from De Lauro dynamics of explosions and tremor. They found low corre-
etal., 2005a, 2008). lation dimensions in the range of [2.5-4.5], whereas the ba-
sic constituents of the signals have dimensions in the range
[1-2]. Indeed, these decomposed ground vibrations can be
In the panels on the right of Fi@, the results of the ap-  reproduced in time and frequency domains by very sim-
plication of ICA are reported. As it can be seen, ICA de- ple systems of non-linear oscillators in the regime of self-
composes the explosion-quake signals into three indeperpscillations (Konstantinou, 2002; De Lauro et al., 2008).
dent wave packets in the time domain, corresponding to well
separated frequency band®.8— 1.5]Hz,[2—3.5]Hz, and 3.3 Conclusions — Stromboli
[4—6]Hz). Each band is characterized (in terms of polar-
ization analysis) by body waves with particle motion point- The application of ICA to Strombolian seismic signals
ing toward the crater area, even though the highest frequencjemonstrated that tremor and explosions display not only a
band is affected by incoherent and signal-generated (scattekimilar frequency content but also similar basic oscillations
ing) noise (Acernese et al., 2004). in the time domain with the only difference in the amplitude
A similar decomposition was achieved for the volcanic enhancement. In the theory of vibrating cavities, such as an
tremor by De Lauro et al. (2008) and is reported in Fig.  organ pipe, these ICs have been associated with the vibration
They showed that the tremor is a linear superposition of fourmodes of the volcanic edifice (De Lauro et al., 2005b). In
signals, which are self-oscillations produced by the couplingour case, the whole system vibrates at the fundamental fre-
between magma-gas mixture and rock. The four signals arguency of 0.3 Hz and at the first three higher harmonics [0.8—
characterized by frequencies in specific ratios and with a1.5]Hz, [2-3.5] Hz, and [4—6] Hz. In this conceptual scheme,
clear radial polarization, which becomes more influenced bythe fundamental/basic signal of Stromboli is the volcanic
scattering going to the high frequencies. The lowest bandremor expressing the transduction of continuous degassing
(0.1-0.5Hz) with a characteristic peak close to 0.3 Hz wasof the volcano into ground motion, whereas the explosion-
studied by De Lauro et al. (2005a, 2006) who proved that itquakes are just an amplitude enhancement of the tremor
is the best polarized signal sometimes masked by contribusignal. The permanent gas flux produces cavity vibrations
tions from oceanic noise. (tremor) only if there is a suitable impingement geometry
Many authors (see, e.g. Godano and Capuano, 1999asperities/disomogenities) and, at low Reynolds numbers,
Carniel and Di Cecca, 1999; De Martino et al., 2002b; the convective scales match the viscous ones (Villermaux
De Lauro et al., 2008) have reconstructed the phase spaand Hopfinger, 1994; Maurel et al., 1996). The permanent
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Fig. 6. Waveform and spectrogram of the radial component of the event (27/02/05h, 23:40:24 UT) recorded at two stations located at
(a) about 700 m (E1S) anfd) about 2 km (CON) from the lava lake. The spectrogram was estimated by Fast Fourier Transform (FFT) with

a sliding Hanning window. It is extracted from De Lauro et al. (2009b). The 2 and 4 Hz main peaks in the spectrogram are shifted in time
and the lower frequency (2 Hz) precedes the higher one (4 Hz) at E1S. No time delay is visible at CON. This might be related to dispersive
effects.

degassing develops in an interface layer at about one kilomeharmonic tremors have been episodically observed (Ruiz,
ter depth, where suitable thermodynamic conditions of the2003). They have been ascribed to volcanic degassing, or
temperature and pressure are fulfilled to let magma degago the breaking of large icebergs.
Due to the low diffusion coefficient, the gas flow is confined  Most efforts have focused on studying the very long period
within the interface layer, then it coalesces until buoyancy(VLP) signals preceding and following the explosions. VLP
acts. Finally, the slug ascents rapidly, producing at the sursignals have been associated with the magma movements in-
face the observed explosions. duced by gravity or inertial forces which follow slug ascent,
eruption and recharge of the lava lake, even if the details of
this process are not yet well known (Rowe et al., 1998; Aster
4 Erebus etal., 2003).

o , Recently, the high-frequency seismic wavefield)5 Hz)
The strato-volcano Erebus, 3794 m high, is located in Antarcy ;< peen analyzed, filling a gap in the study of this volcano.

tica at the western boundary of the West Antarctic rift system, . details, De Lauro et al. (2009a) have properly decomposed

on Ross Island (see Fi§). The upper part of the magmatic o seismic signals of Erebus by ICA, getting also informa-
system forms a lava lake with a radius of at present five M€%ion on their source origin

ters (it has varied over the years up to 15m) (Aster et al.,
2003). The activity of Erebus volcano is prevalently Strom- 4.1  Spectral analysis
bolian and several explosions per day occur due to gas slugs
of a few meters in radius, emerging at the lava lake as obExplosion-quakes associated with the bursting of gas slugs
served by video recordings (Aster et al., 2004; Dibble et al.,at the lava lake have been studied. After frequency filter-
2008). Some explosions can occur also at other vents locatehg the raw seismic series to discard the contributions lower
near the lava lake, within the Inner Crater (80 m in radius)than 1 Hz and isolate the high-frequency signals, De Lauro
contained in turn within the Main Crater with a radius of et al. (2009b) detected more than one class of events on the
250 m. In the last thirty years the activity of Erebus has alsobasis of cross-correlation analysis corresponding to different
shown rare phreatic eruptions. In 1993, a strong explosioreruptive vents. Among these, the events selected for the high-
modified the morphology of the volcanic cone: a new craterfrequency analysis have been chosen as those of the most
appeared at south-west of the Inner Crater. populated class on the basis of their signal-to-noise ratio.
The regular rate of the explosive events is occasionallyMoreover, these events are produced by a very stable source
broken by the occurrence of swarms of explosions (up to 900nechanism. Indeed, they preserve the waveforms over the
per day). Such episodes usually last several days and mayears as supported by a correlation coefficient greater than
be triggered by a slump of volcanic material (rock and ice) 0.8 (De Lauro et al., 2009b). The high-frequency energy of
falling into the lava lake (Rowe et al., 2000). Furthermore, the explosions is mainly concentrated in the frequency range
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1-8Hz (see, e.g. Rowe et al., 2000), but a variety of spectr: |, .
can be distinguished (De Lauro et al., 2009a). An example, ‘
of spectrogram analysis performed on a representative evel
recorded at two sensors (E1S, CON), located 704 m and 2 kr
from the lava lake, respectively, is given in F&j.

4.2 Application of ICA to Erebus seismic signals

Hﬂﬂmmh Hﬂﬂﬂﬂmmw

We show the results of the application of the FastICA al-
gorithm to eight high-pass filtered explosion-quakes as re- )
ported in De Lauro et al. (2009a). The authors considerec|” [
these events as mixtures, which are different realizations o
the same stable source mechanism. The traces were aligne
maximizing the cross-correlation function. The seismograms
relative to the same component of the motion are very sim-
ilar, while differences arise between the waveforms in the.
orthogonal directions. Introducing in the same mixture ma-

trix the signals of the three directions of the motion implies

that no constriction is imposed on the polarization of the ex- "% A e

79 1R
index index

tracted components. In other words, the ICs may be more ° )

visible in one component of the motion. Fig. 7. PCA results: Eigenvalues relative to the signals of the
. e o . 7. :
Figure 7 shows the results of PCA, indicating that 80 % four stations composing the seismic network (from De Lauro et al.,

of information is associated with the first three eigenvalues,zooga):(a) E1S;(b) NKB; (¢) CON: (d) LEH. The first three eigen-

thus providing an estimate of the number of ICs. Therefore,ayes retain the 84 %, 80 %, 86 %, and 75 % of information at each
the number of the mixtures guarantees that all unknown ICgespective station.

can be extracted. In line with the PCA results, three inde-

pendent signals, well-defined in waveforms and spectra, havehis is another analogy with the explosion-quakes at Strom-
been recognized (see FB). These signals are characterized holi (see, e.g. De Lauro et al., 2008 and references therein).
by a very peculiar spectral content. Indeed, their spectra arerhe details of the decomposition and of the estimation of the
peaked at 2Hz, 3Hz, and 4 Hz, respectively. The indepenfractal dimensions do not perfectly match for Stromboli and
dent signal peaked at 2 Hz displays the highest amplitude irerebus, suggesting that although an overall common source

the first 5s. The other ICs have a smoother behavior, buinechanism can be detected, at Erebus more complex vibrat-
the largest part of energy is emitted during the first secondsing structures are involved.

The results of ICA are independent of the choice of the sen-
sor, and the extracted ICs can be attributed to a commom.3 Conclusions — Erebus
physical source mechanism inducing vibrations. De Lauro et
al. (2009a) demonstrated that for the three ICs, a clear radial'he decomposition of ground vibrations by ICA has strong
polarization with high coefficients of rectilinearity is recog- analogies with the extraction of Landau modes (self-
nized, indicating the propagation of body waves crossing thepscillations) in the mechanical and acoustical vibration fields
seismic stations, although for the stations furthest from then the organ pipe (De Lauro et al., 2007) as it was the case
lava lake another direction is superimposed, which was infor Stromboli. On the basis of this analogy, De Lauro et
terpreted by the authors assuming an external source in thal. (2009a) conjectured the existence of a main conduit vi-
direction of the polarization, or as due to local topographicbrating in the second Landau mode with frequencies of 2 and
effects such as dykes, joints, etc. 4 Hz, localized under the lava lake. In addition, they ascribed
In conclusion, the experimental signals associated with thehe 3 Hz mode to another conduit near the lava lake (e.g. fu-
explosion-quakes at Erebus volcano in the high-frequencymaroles) whose vibration is induced by the oscillations of the
band are a linear superimposition of three component signalgnain conduit in agreement with other studies (see, e.g. John-
The decomposition is similar to that achieved for Stromboli son et al., 2008). Such a phenomenon is known as “modified
and as in that case it is possible to infer some information orMitnahme effect” in organ pipe literature (Abel et al., 2006):
the complexity (e.g. degrees of freedom) of the underlyinga played pipe is sensitive to the presence of another pipe even
dynamical system. The reconstruction of the asymptotic dy-silent. In this conceptual scheme, this shorter conduit (3 Hz)
namics in a suitable phase space provides an estimate of ttig the silent pipe whereas the played pipe is the longer con-
phase-space dimensions. The recorded signals display fractelit (2 and 4 Hz) under the lava lake. However, the number
dimensions in the range of [2.8—3.2] evidencing a non-linearand the position of seismic stations presently installed do not
behaviour of the generating system (De Lauro et al., 2009a)allow a suitable localization of the additional conduit.
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Fig. 8. Independent signals extracted by ICA in time domain and relative frequency content considering the recordings of the two stations
closest to the lava lake (from De Lauro et al., 2009a).
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Fig. 9. An example of Colima LP events (2006/01/22 h 00.13.44
vertical component).

5 Volcan de Colima

Volcan de Colima is an andesitic stratovolcano located within
the Colima graben at the western part of the Mexican Vol-
canic Belt. It is one of the most active volcanoes of North Fi9- 10._Positic_Jn Qf the seismic sensors at the Colima volcano. The
America and surely the most dangerous one of Mexico. [t?/ack triangle indicates the crater area.

forms with Nevado de Colima, which is older and inactive,

the Colima Volcanic Complex. lIts activity is characterized

by eruptive cycles consisting of the extrusion of lava flow (sorted by crater-station distance, which spans the range 3.2—
followed by the growth of a lava dome and its subsequentl4.4 km, Fig.10).

destruction accompanied by large explosions. It shows a Early works on LP events (recorded by short-period seis-
wide range of eruption styles, like dome growth, lava flow mometers) indicated a predominance of frequencies in the
accompanied by frequent small block avalanches, phreaticange [1-2] Hz (Zobin et al., 2006; Palo et al., 2009). Re-
explosions, explosive events and pyroclastic flows @ret cently, Fourier analysis of LP events recorded by broad-band
Gonales etal., 2002; Luhr, 2002). The recent activity startedinstruments showed spectra with a decreasing envelope and
at the end of the 1990s and in autumn of 2004 the thirdsharp peaks, with the highest one at [0.4-0.5]Hz at all the
extrusive episode of this eruption began. This activity wasstations (Fig.11) (De Lauro et al., 2011). The other peaks
accompanied by intermittent explosive activity, representeccorrespond to nearly integer multiples of this common fre-
mainly by Vulcanian-style explosions, during which streams quency, which is thus interpreted as the fundamental vibra-
of vapour and ash were emitted (Zobin et al., 2006). Eachtion mode of a resonant structure. The frequency of the
Vulcanian-style explosion is introduced about one minute be-higher modes slightly changes with the station. In details,
fore by a seismic event lasting about 30 s and having a freCOCA and COME share the same spectral peaks, although
quency content in the range of (0.3-4) Hz (see B)g.This the peaks of the two highest modes are well distinguishable
event has been associated with pressurization phenomena oonly at COCA. Similarly, COBA and COTE share the same
curring within the volcanic plumbing system and has beenpeaks except for that of the highest mode, which is not vis-
labeled as a Long-Period (LP) event (Zobin et al., 2006; Paldble at COBA. Hence, the spectra indicate the existence of

-103.5°

et al., 2009; De Lauro et al., 2011). vibration modes that change depending on the distance from
the crater. A slight decrease of the frequencies moving from
5.1 Spectral analysis the near-field to the far-field suggests the presence of differ-

ent resonant structures involved. In all cases, the decreasing
ICA has been applied to both background seismic signal$nvelope is preserved. Actually, another peak is present at
(Cusano and Palo, 2011) and 20 LPs (De Lauro et al., 2011ﬁbout 0.1-0.2 Hz, but it is not induced by volcanic aCtiVity
In all the cases, the recordings were acquired by four three@nd is the effect of the oceanic microseismic noise. Indeed,
component broad-band seismometers (Lennartz |_E_3D/205i;s amplitude is nearly independent of the crater-station dis-
which have monitored Colima volcano from November 2005 tance.
to May 2006 (see the report of the surveyh#tp://www.ov. The background seismic signal contains prevalently two
ingv.it/italiano/pubblicazioni/openfile/Q@7.htn). The in-  spectral peaks common to all stations, located respectively
struments were labeled as COCA, COME, COBA, COTEclose to 0.15Hz and 0.3Hz (Fig.2b), with the former

Nonlin. Processes Geophys., 18, 9286 2011 www.nonlin-processes-geophys.net/18/925/2011/
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Fig. 11. Stacked power spectrum of LP events of Colima volcan@pCOCA, (b) COME, (c) COBA, (d) COTE (from De Lauro et al.,
2011). The x-axis is in log-scale. Arrows highlight the principal peaks.

generally higher than the latter (Cusano and Palo, 2011). The polarization properties of the ICs of the LP events
Nevertheless, the amplitude of these peaks is variable andonfirm the dependence of the seismic wavefield on the dis-
during some time periods the latter spectral peak becometance from the crater. Indeed, in near-field the direction of

dominant (Figl12a). the polarization vector of all the ICs is radial, i.e. pointing
to the crater, whereas in far-field this direction is orthogonal.
5.2 Application of ICA to Colima seismic signals The angle that the polarization vector forms with the NS-EW

plane in all cases is lower than 20 degrees, reflecting shallow
De Lauro et al. (2011) have shown that the application ofground oscillations (De Lauro et al., 2011). This complex
PCA to LP events indicates that at most three eigenvaluegolarization pattern extends the results of Palo et al. (2009)
are significant: the principal components contain from 54 %who found compressive waves for the first 10-15s of the
to 74 % of the information depending on the station and thisLP events recorded by a short-period seismometer located
guantity increases moving towards the crater. 4.5km from the crater, i.e. in the near-field whose boundary
For the application of ICA in this case, the authors con-can be fixed coincident with the position of COME station

sider as mixture all the LP events at each station, on the basi-9 km far from the crater) or farther.

of the hypothesis of a non-destructive and repetitive source. The dynamical system associated with the ICs extracted
ICs extracted from the LP events are well distinguished infrom LP events has been reconstructed by De Lauro et
time and spectral domains (Fify3). As the spectral proper- al. (2011). All ICs have fractal dimensions ranging between
ties of the LP events, the features of the ICs depend on thd and 2, suggesting that the basic constituents of the seis-
crater-station distance. Indeed, COCA and COME displaymic wavefield are produced by deterministic and non-linear
similar ICs and the same happens for COBA and COTE. Indynamic systems of low dimensionality, which can de iden-
detail, the ICs in near-field (approximately limited by the po- tified with self-sustained oscillations. The superposition of
sition of COME) are peaked close to 0.5 Hz and 1 Hz, respecthe ICs produces the raw signals that, indeed, have a (non-
tively (and also at 1.5 Hz at COCA), whereas they are peakednteger) dimension lower than four.

close to 0.4Hz and 0.8 Hz (and 1.2 Hz at COBA) in far-field Two ICs are extracted from the background signal re-
(De Lauro et al., 2011). Thus, ICA identifies ground oscil- taining about the 60% of the information (Cusano and
lations with two or three characteristic time-scales linearly Palo, 2011). They are nearly monochromatic signals with
mixed in the LP events. frequency peaks respectively at about 0.15Hz and 0.3Hz,
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Fig. 14. Independent components of the Colima background seismic signal ifdine¢and frequencyb, d) domain (from Cusano and
Palo, 2011).

suggesting that the spectral content of the background seighe principal conduit). Indeed, within the approximation of
mic signal is the effect of the superposition of independentlinear resonance and adopting a standing-wave velocity of
signals (Fig.14). The amplitude of the ICs is variable and ~1kms1, the authors estimate a length sfl km (using
mainly follows the behavior of the two principal spectral 0.5Hz as the frequency of the lowest mode and considering
peaks. In detail, the IC peaked at 0.15 Hz is generally morean open-ends vibrating structure), in line with other estimates
energetic, except for a time interval of about 20 days whenof the source position (Petrosino et al., 2011).
this behavior is reversed. On the basis of the pattern of polarization and ICA results,
Wavefield reconstruction of the two ICs of the background De Lauro et al. (2011) propose the existence of a branched
signal indicates a strong influence of the oceanic microseisplumbing system consisting of two main (approximately
mic noise. Indeed, in the far-field both ICs are mainly com- cylindric) conduits directed along quasi-orthogonal direc-
posed of shallow waves incoming from the SW direction, i.e.tions. In detail, the principal (vertical) conduit at suitable
from the Pacific Ocean coast. On the other hand, in the neaheight (~1 km) would appear separated in a sub-horizontal
field there is also an imprint of volcanic tremor on the IC side branch directed along the North-West/South-East direc-
peaked at 0.3 Hz that induces waves coming from the cratetion, in which magma intrusion generates wall oscillations
area and a polarization vector pointing towards the crater. directed transversally with respect to the crater area. The di-
rection of this hypothesized structure is coincident with the
5.3 Conclusions — Colima main direction of the extensional axis of the stress field of the
area, which, in turn, individuates the direction along which
De Lauro et al. (2011) indicate that LP events of Colima vol- the Colima volcano complex has experienced gravitational
cano are the superposition of a few basic constituents that areollapses (Gardio-Monroy et al., 1998). A similar structure
non-linear signals produced by dynamical systems of low di-has also been conjectured by Dioiguez et al. (2001), who
mensionality identified with self-sustained oscillators. Givenimaged a branched plumbing system induced by crack prop-
the nearly integer ratios between the mean frequencies of thagation. A branched plumbing system can also explain the
ICs and of the main spectral peaks, these basic constituenggarticular ejective nature of Vulcanian and ash-free events of
are interpreted as the vibration modes of a suitable volcanid/olcan de Colima, characterized by a seismic phase with-
structure, whose fundamental mode is peaked at about 0.4eut emission followed within few tens of seconds by the real
0.5 Hz. Moreover, the frequency and the energy of the modegruption. In the background signal, two different sources in
(which, in a first approximation, can be estimated from thethe independent component at 0.3 Hz coexist in near-field:
power spectra) suggest a very simple geometry of the structhe volcanic source signal is more evident whenever the en-
ture. Indeed, monotonically decreasing spectra are assocergy of the independent component peaked at 0.15Hz de-
ated with vibrations of cylindrically-symmetric cavities in- creases, that is when the intensity of the microseismic noise
teracting with a fluid flow. In this framework, the frequency lowers allowing the emergence of a low-energy volcanic sig-
of the lowest mode can be used to estimate the linear dimenaal (Cusano and Palo, 2011).
sions of the vibrating structure (eventually coincident with
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