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Summary

This thesis analyzes the nature and origin of the low-frequent seismicity of Villarrica
Volcano in Chile. Villarrica is an active volcano with an intermittent lava lake in its
central vent. The typical volcanic activity consists of persistent degassing and usually
mild Strombolian explosions. The activity is accompanied by a notorious seismic tremor
overlain by swarms of transient events in approximately 1-min intervals. Both types of
signals display frequencies between 0.5 and 5Hz. They are usually attributed to the
volcanic activity with the transients being interpreted as the bursting of slugs at the
surface of the lava lake (Strombolian explosions). However, except for one study, no
attempts have been made to locate the source of the signals using seismic methods.
Moreover, reports on whether the seismic transients are related to slug bursting have
been ambiguous.

The base for this work are about 12 days of seismic data recorded by a dense local
seismic network in early March 2012. Despite the age of the data, the results are most
likely applicable to today’s conditions since Villarrica is generally a stable system. Even
the latest eruption phase in 2015 did not cause substantial changes in the behavior of
the volcano.

In the first part of this work, three different location methods - one using array tech-
niques and two exploiting the decay of amplitude with distance - were applied to the
tremor signal including the transients. All three approaches conclusively located the ori-
gin in the summit crater area, which is in agreement with earlier studies. Each of the
methods however had a considerable uncertainty, which one the one hand demonstrated
the difficulties and limitations associated with location techniques of seismic signals in a
complex medium. On the other hand, it emphasized the benefit of combining different
approaches for confirmation.

The array analysis showed that the wave propagation velocity varied with the fre-
quency of the signal. A dispersion curve could be derived, which was inverted for S wave
velocities. These results provide the first models of the near-surface seismic structure of
the volcanic edifice at two sites 4-5 km north and west, respectively, of the summit.

A second focus was on the nature of the transient events. An event catalog was
compiled using an automatic detection method and the occurrences of magnitudes and
waiting times between two events (interevent time) were analyzed statistically. The
interevent times were approximately log-normally distributed. Using a stochastic sim-
ulation of the noise conditions in the network, it could be shown that the number of
events reduced towards low magnitudes after reaching a peak, resulting in an approxi-
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mately log-normal distribution of amplitudes. In contrast to most common methods in
seismology to find the magnitude of completeness of a catalog, the approach here allowed
to estimate the number of undetected events without presumptions on the distribution
of the magnitudes. Log-normal distributions have also been found for the sizes and spac-
ings of gaseous slugs rising in a liquid-filled pipe. Hence, the estimated distributions of
amplitudes and interevent times strongly support the interpretation of the transients as
signatures of gaseous slugs and suggest a slug flow regime in the upper magma column..

In addition, at least 67 families of similar waveforms were found in the population of
transients, the two largest of which comprised several thousand events. Both families
displayed a less than 5s long, almost Ricker-wavelet-like waveform at the crater, but
differed slightly in frequency content. Composite waveforms were generated for each
family by stacking the events that showed the highest similarity. Two findings resulted
from correlating the onsets with a reference station which complemented the previous
results: 1) almost identical relative lag times suggest a similar source region of all families
2) velocity variations around the edifice could be identified. The origin was located in
the crater area by fitting the spatial decay of the amplitudes but the results were too
ambiguous to obtain a precise location.

13



Zusammenfassung

Diese Arbeit liefert eine grundlegende Analyse beziiglich der Art und des Ursprungs der
niederfrequenten Seismizitdt des Vulkans Villarrica in Chile. Villarrica ist ein aktiver
Vulkan mit einem zeitweiligen Lavasee in seinem zentralen Schlot. Die typische vulkanis-
che Aktivitdt besteht aus anhaltender Entgasung und meist leichten strombolianischen
Explosionen. Die vulkanische Aktivitdt wird von einem seismischen Tremor begleitet,
der von Schwérmen transienter Ereignisse in etwa 1-miniitigen Intervallen iiberlagert ist.
Beide Arten von Signalen weisen Frequenzen zwischen 0,5 und 5Hz auf. Sie werden
iiblicherweise der vulkanischen Aktivitdt zugeschrieben, wobei die Transienten als das
Zerplatzen von Gasblasen an der Oberfliche des Lavasees interpretiert werden (strom-
bolianische Explosionen). Mit Ausnahme einer Studie wurden jedoch keine Versuche
unternommen, die Quelle der Signale mit seismischen Methoden zu lokalisieren. Dartiber
hinaus ist unklar, ob die seismischen Transienten direkt mit dem Ausbruch von Slugs
zusammenhéangen.

Die Grundlage fiir diese Arbeit sind etwa 12 Tage seismischer Daten, die von einem
dichten lokalen seismischen Netzwerk Anfang Méarz 2012 aufgezeichnet wurden. Obwohl
dies schon einige Zeit zuriickliegt, sind die vorgestellten Ergebnisse hochstwahrscheinlich
auch auf die heutigen Bedingungen anwendbar, da Villarrica ein sehr stabiles System ist.
Selbst die jiingste Eruptionsphase im Jahr 2015 hat keine wesentlichen Anderungen im
Verhalten des Vulkans bewirkt.

Im ersten Teil dieser Arbeit werden drei verschiedene Ortungsmethoden - eine unter
Verwendung von Array-Techniken und zwei unter Ausnutzung des Abklingens der Ampli-
tude mit der Entfernung - auf das Tremorsignal einschlieflich der Transienten angewen-
det. Alle drei Ansétze lokalisierten den Ursprung eindeutig im Bereich des Gipfelkraters
und bestétigten damit die Vermutungen aus fritheren Studien. Jede der Methoden ist
jedoch mit einer erheblichen Unsicherheit behaftet, was einerseits die Schwierigkeiten
und Grenzen aufzeigt, die mit Ortungstechniken von seismischen Signalen in einem kom-
plexen Medium verbunden sind. Andererseits betont es den Vorteil, mehrere Methoden
zur gegenseitigen Bestétigung zu verwenden.

Aus der Array-Analyse wurden oberflichennahe Geschwindigkeitsmodelle an zwei Stan-
dorten 4-5km nordlich bzw. westlich des Gipfels bestimmt. Die Langsamkeit (der
Kehrwert der scheinbaren Wellenausbreitungsgeschwindigkeit) variierte deutlich mit der
Frequenz des Signals. Daraus konnte eine Dispersionskurve abgeleitet werden, die fiir S-
Wellen-Geschwindigkeiten invertiert wurde. Diese Ergebnisse liefern erste Hinweise auf
die oberflachennahe seismische Struktur des Vulkangeb&udes.
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Ein zweiter Schwerpunkt lag auf der Natur der transienten Ereignisse. Mit Hilfe einer
automatischen Erkennungsmethode wurde ein Ereigniskatalog erstellt und das Auftreten
von Magnituden und Wartezeiten zwischen zwei Ereignissen (interevent time) statis-
tisch ausgewertet. Die Wartezeiten waren anndhernd lognormalverteilt. Mit Hilfe einer
stochastischen Simulation des Hintergrundrauschens im Netzwerk konnte gezeigt wer-
den, dass die Anzahl der Ereignisse nach Erreichen eines Peaks zu niedrigen Magnituden
hin abnimmt, was zu einer anndhernd lognormalen Verteilung der Amplituden fiihrt.
Im Gegensatz zu den in der Seismologie iiblichen Methoden, die Vollstandigkeitsmag-
nitudes eines Katalogs zu finden, erlaubt der hier verwendete Ansatz, die Anzahl der
unentdeckten Ereignisse abzuschétzen, ohne Annahmen iiber die Verteilung der Magni-
tuden zu treffen. Lognormal-Verteilungen werden auch fiir die Gréfen und Abstdnde
von Gasblasen gefunden, die in einem fliissigkeitsgefiillten Rohr aufsteigen. Daher un-
terstiitzen die gefundenen Verteilungen der Amplituden und der Zwischenereigniszeiten
die Interpretation der Transienten als Signaturen gasférmiger Slugs und deuten auf ein
Slug-Flow-Regime in der oberen Magmaséule hin.

Dariiber hinaus wurden mindestens 67 Familien &hnlicher Wellenformen in der Popula-
tion der Transienten gefunden, von denen die beiden grofiten mehrere tausend Ereignisse
umfassten. Beide Familien zeigten eine weniger als 5 s lange, fast Ricker-Wavelet-dhnliche
Wellenform am Krater, unterschieden sich aber leicht im Frequenzgehalt. Fiir jede Fami-
lie wurden zusammengesetzte Wellenformen erzeugt, indem die Ereignisse mit der grofiten
Ahnlichkeit gestapelt wurden. Aus der Korrelation der Ersteinsitze mit einer Referen-
zstation ergaben sich zwei Erkenntnisse, die die vorherigen Ergebnisse erganzten: 1) fast
identische relative Laufzeiten lassen auf eine dhnliche Quellregion aller Familien schliefsen
2) Geschwindigkeitsvariationen um das Vulkangebdude herum konnten identifiziert wer-
den. Der Ursprung der Signale wurde durch Anpassung des rdumlichen Abklingens der
Amplituden im Kraterbereich lokalisiert, aber die Ergebnisse waren zu mehrdeutig, um
eine genaue Lokalisierung zu erhalten.
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1. Relevance & Aim of the thesis

1.1. Motivation

Without doubt, volcanoes cause some of the most fascinating natural spectacles on this
planet (Fig.1.1). For geoscientists, they also provide a unique window into its interior.
Unfortunately, they are also a significant natural hazard [Schmincke, 2000, Tilling, 2005,
Sheets, 2015, Stovall et al., 2019]. Luckily, even though eruptions can not really be pre-
vented by humans nor their force be controlled, they can nonetheless be reasonably well
predicted, so that the loss of infrastructure and - above all - lives can be minimized |Gregg
et al., 2015]. Geophysical and geochemical methods help us to detect the precursory sig-
nals like subtle earthquakes or changes in gas composition before the volcano emits a
new lava flow or tons of ash [Caracausi et al., 2003, Gambino et al., 2014, Carn, 2015,
Freymueller et al., 2015, McNutt and Roman, 2015, Sigmundsson et al., 2018]. However,
for an effective hazard monitoring, good knowledge of the volcano is required and an
effective instrumentation is crucial to provide useful data [Pallister and McNutt, 2015].
New developments and improvements of existing techniques facilitate multi-parameter
monitoring. The ever growing fleet of satellites adds remote sensing data which is par-
ticularly useful to monitor very remote locations [Massonnet and Sigmundsson, 2000,
Wright et al., 2004, Delgado et al., 2017, Ebmeier et al., 2018, Pritchard et al., 2018,
Coppola et al., 2020].

Yet, although more data indubitably offer the possibility of more accurate predictions
and a better understanding, there are (at least) two things to consider: First, the richest
data set is worth nothing if the data are not effectively analyzed and boiled down into
relevant information that help authorities to take actions. Therefore we need methodolo-
gies and strategies how to analyze and manage the data streams from the many available
sources. Secondly, monitoring volcanoes (and natural hazards in general) places a signif-
icant financial burden on society [Chester, 2005]. Therefore we need affordable solutions
that provide maximal information at low cost.

Seismology provides very efficient tools to monitor volcanic activity [McNutt et al.,
2015]. Even before the advent of seismometers, it was well known to the local popula-
tions that major eruptions were (among other things of course) heralded by a perceivable
seismic unrest and increased numbers of earthquakes [Cronin and Cashman, 2008, Zobin,
2017d]. Before the actual eruption, the magma has to form its path to the surface by
creating new fractures or reviving old ones. These brittle failures in the Earth’s crust
produce small earthquakes [Stovall et al., 2019|. In addition, a number of the dynamical
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1. Relevance & Aim of the thesis

Figure 1.1.: a) Eruption of Kilauea in 2018 [US Geological Survey, Public Domain,
2020b] b) Plume of ash and gas reflecting the glow from the lava of Kilauea’s summit
crater in 2020 [Hawaii Volcanoes National Park, Public Domain, 2021| ¢) Ash cloud by
icelandic Eyjafjallajokull in 2010 [David Karna, CC BY 3.0, 2020] d) Lava flow from
Kilauea Volcano destroying a street in Hawaii [US Geological Survey, Public Domain,
2020a] e) House destroyed by a lava flow from Mt. Etna [Official U.S. Navy Page, 2021]
f) Abandoned Plymouth, Montserrat, West Indies, 20 years after being destroyed by
lahars and pyroclastic flows in 1997 [Andrew Shiva / Wikipedia / CC BY-SA 4.0, 2007]

18



1.2. Villarrica - a well studied yet little understood volcano

processes inside the volcano cause distinct seismic signals, that can help to decipher the
ongoing activity [Métaxian et al., 1997, Chouet et al., 1998, Kawakatsu and Yamamoto,
2007, Zobin, 2011, Wassermann, 2012, Chouet and Matoza, 2013, McNutt and Roman,
2015|. For example, a gas bubble passing through narrowings or widenings in the plumb-
ing system can cause significant reverberations that couple into the ground as seismic
waves [James et al., 2006, O'Brien and Bean, 2008|. Flowing or convecting magma is
known to produce sustained tremor signals. Explosions may be too small to be seen from
save distance but can still be detected seismically as can surface activities like lahars,
pyroclastic density currents or lava flows. Beside identifying ongoing processes in the
volcano, seismology also provides means to image the interior of the edifice - either by
tomographic methods that reveal the structure in terms of seismic parameters like wave
propagation velocity |Brenguier et al., 2007, Yeguas et al., 2011, Prudencio et al., 2013,
Mora-Stock, 2015, Zuccarello et al., 2016, Garcia-Yeguas et al., 2017| or by identifying
source locations and mechanisms that indicate active features of the plumbing system
[Lahr et al., 1994, Kawakatsu et al., 2000, Almendros et al., 2001a, 2002, Patané et al.,
2008, Waite et al., 2008, De Barros et al., 2011, Eyre et al., 2013, Chouet and Matoza,
2013, Sigmundsson et al., 2014|. Understanding the structure of the volcano is particu-
larly important for modeling the propagation of seismic waves in a structurally complex
medium, which in turn is crucial for deciphering the seismic signals. For example, the
so-called "long-period" events were explained for a long time as a resonance phenomenon
[Chouet, 1996]. However O’Brien and Bean [2009] demonstrated by numerical model-
ing, that similar waveforms can be produced solely by scattering and path effects in a
complicated medium.

Similarly, the different classes of signals may look very different at any two volcanoes
owing to their individual composition and structure. In order to understand and reliably
predict a volcano’s behavior, it is - and probably always will be - necessary to study each
volcano individually. Nevertheless, these analysis advance our general understanding not
only of volcanoes but also of the dynamic process in the Earth.

1.2. Villarrica - a well studied yet little understood volcano

Villarrica Volcano is a basaltic to basaltic-andesitic, glacier-covered strato-volcano in
South Central Chile (Fig. 1.2). Due to its high level of activity, its hazard potential and its
intermittent lava lake, Villarrica is among the more frequently investigated volcanoes in
South America. At least 30 previous studies address in about equal parts the stratigraphic
investigation of past and prehistoric eruptions, the present-day degassing activity, and
the seismic and infrasonic signals that accompany the volcanic activity. Nevertheless,
most of these studies stand on their own and introduce their own models rather than
building upon each other. As a consequence, an overarching concept of what drives the
volcanic activity at Villarrica and how the dynamics are expressed in monitoring signals

19



1. Relevance & Aim of the thesis

--80°

Santiago '
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A0

Figure 1.2.: Location of Villarrica Volcano in Chile (South America) and aerial view of
the summit crater area [ Sarah and Iain, CC BY 2.0, 2007]

- such as seismicity, infrasound or gas flux - is still lacking.

Palma et al. [2011] depicted the degassing and magma dynamic model of Villarrica
based on an open-vent basaltic, i.e. low-viscosity, system (Fig.1.3): A long narrow
conduit connects a magma reservoir at depth with the outlet at the summit crater. It
was suggested that the conduit is nearly vertical,at least 2000m long [Palma et al.,
2008] and has a radius of 5.8 m [Palma et al., 2011]. The enormous degassing rates of
15kg/s SO2 and above [Palma et al., 2011, Bredemeyer and Hansteen, 2014]| despite little
magma ejection are likely achieved by an efficient overturn of rising gas-rich magma and
sinking degassed magma [Palma et al., 2008, 2011, Moussallam et al., 2016]. This two-
phase liquid-in-liquid convection takes place up to a depth at which the pressure is low
enough for the gas to leave the magma and bubbles start to nucleate. The details of the
proposed two-fluid convection process were elaborated by Palma et al. [2011] based on
analog modeling experiments and measurements of degassing rates.

The fluid dynamic regime above this bubble nucleation depth is largely unknown.
Presumably, there is a two-phase flow regime, consisting of gas bubbles or slugs in liquid
magma. This would agree with the observation that the infrasonic and seismic tremor
signal resemble the signals of bubbly gas flow in technical applications [Ripepe et al.,
2010]. At times when the lava lake is visible, the wide range of bubble bursting styles
also suggests a vivid convection [Moussallam et al., 2016]. The activity ranges from a
gentle rollover and the bursting of small bubbles - reminiscent of boiling water - via
larger and more bubbles to small lava fountains and more violent Strombolian explosions
[Palma et al., 2008, Gurioli et al., 2008, Moussallam et al., 2016]. Similar to Palma
et al. [2011], Moussallam et al. [2016] argue for a rapid, turbulent convection of degassed

20



1.2. Villarrica - a well studied yet little understood volcano

persistent degassing

Infrasonic tremor
(Ripepe et al., 2010;
Goto & Johnson, 2011:
Richardson et al., 2014;
Johnson et al., 2018)
spatter roof

Strombolian explosions
magma seething
slug bursting

L

(Gurioli et al., 2008,
lava lake L S Palma et al., 2008;
lake bottom? S . Ripepe et al., 2010;
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Figure 1.3.: Schematic illustration of the conduit system of Villarrica. The observed
geophysical and geochemical phenomena might be linked to a number of fluid dynamic
processes.
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1. Relevance & Aim of the thesis

gas-rich magma based on their video footage of the lake surface and the lack of periodic
variations in gas flux and composition. The depth of the the lava lake varies in irregular
cycles of days to weeks between 100 m and 250 m [Richardson et al., 2014]. Higher levels
are associated with increased seismic activity. Richardson et al. [2014] suggested that
this indicates the arrival of a batch of new, gas-rich magma at depth.

Its persistent infrasonic tremor made Villarrica an interesting target for infrasonic
studies. A first explanation for the nature of this signal was offered by Ripepe et al. [2010]
who attributed it to the gas flux through the magma. In this model, higher surficial gas
velocities (i.e. an increase in gas flux) would cause a higher tremor frequency. Later,
contrasting models were proposed in which the upper conduit and crater opening act
as acoustic resonator. Goto and Johnson [2011] invoked a Helmholtz resonator formed
by the volume between the lake surface and the spatter roof (basically a temporary lid
above the free magma surface that forms from ejected and cooled sheets of magma)
whereas Richardson et al. [2014]| proposed that the funnel-shaped crater and vent form
a Bessel horn with the lake surface as lower boundary. In both cases, a change in tremor
frequency would simply be achieved by a varying lake depth which essentially changes the
geometry of the resonator. Richardson et al. [2014] demonstrated that the lake depths
predicted from the frequency of the infrasonic tremor using the Bessel horn model were
in good agreement with those obtained independently from the delay between seismic
and acoustic signals. Johnson et al. [2018] later generalized the concept by modeling the
resonator and the acoustic damping numerically.

The use of seismic data at Villarrica has largely been limited to the descriptive analysis
of the tremor level and the number of events in conjunction with the eruptive activity.
Its seismicity is commonly described as a notorious tremor signal between 0.5 and 3 Hz
which is sometimes overlain by transient events [Ortiz et al., 2003, Calder et al., 2004,
Palma et al., 2008, Gurioli et al., 2008, Ripepe et al., 2010, Goto and Johnson, 2011,
Richardson et al., 2014, Mora-Stock, 2015, Lehr et al., 2019|. These transients are com-
monly attributed to Strombolian explosions due to correlation with visual observations
[Palma et al., 2008, Gurioli et al., 2008] and occur approximately once per minute. Palma
et al. [2008] and Gurioli et al. [2008] provided detailed accounts of the visible activity
of the lava lake including classification schemes. However, although a strong association
with seismic signals was noted, they did not elaborate whether the classifications could
be extended to seismic (or infrasonic) waveforms - that is, whether each of the activity
classes was associated with a specific waveform. According to Gurioli et al. [2008], the
waveforms resembled those observed during gas bursting events (puffing) at Stromboli.
Some events however lacked a seismic or acoustic signature. From the strong coupling of
infrasonic and seismic waveforms Gurioli et al. [2008] inferred a shallow source depth.

Richardson and Waite [2013]| provided the first location and inversion for the source
mechanism of one prominent repetitive long-period transient waveform. They found a
shallow source with a strong horizontal east-west component. The result was interpreted
as a magma dragging at a hypothetical bottom of the lava lake while filling the void that

22



1.2. Villarrica - a well studied yet little understood volcano

was left by the release of a gas slug. In addition, Richardson and Waite [2013] proposed
that the tremor could result from a superposition of closely spaced transient events.

Mora-Stock [2015] presented the first image of the seismic structure of the edifice, which
was obtained by travel-time tomography using a swarm of volcano-tectonic earthquakes.
Her work was based on the same data set as the present thesis but used exclusively
volcano-tectonic events. Her results suggest a deep magma source slightly east of the
current summit which would imply a somewhat oblique feeding system of the lava lake.
This is in contrast to the vertical conduit proposed earlier by Palma et al. [2008| al-
though this was merely based on the consideration that the conduit must allow efficient,
unhindered convection.

The interplay between degassing activity and magma dynamics as well as seismic
and infrasonic signals remains unclear. Richardson and Waite [2013| located a single,
persistent waveform but most of the transients and tremor signals have not been located
yet. Similarly the natures of the seismic tremor and transients as well as their relation
are still unclear. Without confirmation by visual observations of the volcanic activity,
it is difficult to relate the transients unambiguously to explosions based on the seismic
waveforms. However, long-term visual observations are difficult to come by. Therefore,
it might generally be desirable to be able to relate seismic signals to degassing activity
without needing visual observations for confirmation. The study by Mora-Stock [2015]
provided a first model of the deeper velocity structure of the volcanic edifice. However
studies on e.g. the source mechanism of seismic signals or models of the wave propagation
might greatly benefit from information of the near-surface seismic velocities. Finally, if
the seismic transients are indeed signatures of bubble burstings, their analysis might help
to elucidate the gas and magma dynamics in the upper conduit.

In summary, the following questions arose from the literature and in view of the avail-
able data:

e Where do the tremor and transients originate?

e How are the tremor and the transients related? Is the tremor just a superposition
of closely spaced transients or is it a different signal? Could it be magma convection
in the conduit?

e What is the nature of the transients? Are they indeed bursting gas bubbles or
could they have a tectonic nature? What is the driving process?

e Are the waveforms of the transients repetitive or are they unique?

e What is the seismic structure of the edifice? How does it affect wave propagation
and waveforms?

e How does the magma convection take place in the conduit? And what signals are
associated with that process?
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1. Relevance & Aim of the thesis

The present thesis attempts to tackle some of these aspects.The database for this work
was collected in early March 2012 by Rabbel and Thorwart [2019] using an extensive
local seismic network of 75 stations. The network consisted of a perimeter of stations
around the base of the volcano, three stations at the rim of the summit crater and three
mini-arrays. The data were acquired using geophones instead of seismometers. The
former are considerably cheaper and easier to deploy albeit at the cost of reduced sensi-
tivity. Nevertheless, the results presented here demonstrate that a substantial amount of
information on the volcanic structure and dynamics can be gained from such a low-cost
solution.

1.3. Aim of the thesis

Out of the many open questions regarding the seismicity of Villarrica Volcano, this thesis
concentrates on three major objectives:

1. Locating the source of the seismic tremor
2. Elucidating the shallow seismic velocity structure of the edifice
3. Characterizing the occurrence of the transient events

The first objective lays the base for the more detailed analysis of the seismicity. Both
the tremor as well as the typical transient events associated with the volcanic activity lack
clear onsets which precludes the use of classic earthquake location techniques. Moreover
these methods require a robust knowledge of the seismic velocity structure which was
not available for Villarrica. Numerous alternative approaches have been developed in the
last decades to locate volcanic seismic signals. Two methods were particularly suited for
the network layout: Beamforming - which makes use of seismic arrays to determine the
direction of arrival of a signal, and the amplitude location method in which the decay of
the seismic amplitude with distance is traced back to the source of the signal. These two
independent location techniques were applied to corroborate the origin of the signals.

The second objective developed as a byproduct of the array analysis. Since the ap-
parent velocities clearly depended on frequency, dispersion curves of Rayleigh surface
waves could be determined and inverted for S-wave velocities. This provided the first
indications of the near-surface velocity structure of Villarrica so far.

Finally, the transient events, which make up a considerable part of the seismicity, are
investigated more closely. A catalog of automatically detected events was compiled and
its magnitude of completeness determined. The statistical distribution of magnitudes
and interevent times help to distinguish the events from tectonic seismicity. Instead,
they could be related to eruption dynamics at other volcanoes and slug flow processes in
two-phase flow.
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1.4. Structure and contribution

Complementary findings regarding all three objectives were obtained by identifying
families of transient events. Each family consisted of similar waveforms, which allowed
to obtain stacked waveforms which were clearer and less noisy. The stacked waveforms
could be used to locate the source position of the transient events. Differences in travel
times of the onsets between stations helped to constrain the source region and revealed
differences in the wave propagation velocity towards the different stations. The clearer
waveforms also facilitated comparison with examples from the literature and thus an
interpretation of the waveform.

1.4. Structure of the thesis and contributions by others

Considerable parts of this thesis were taken from one published scientific article and one
manuscripts written by the thesis’s author as first author. Both are based on the same
set, of seismic data and share similar introductory parts on Villarrica. To maintain the
logic structure of the present work and avoid repetition, these sections were taken out
from the original works and combined into Section 2.2 on the geology and seismicity of
Villarrica in general and Chapter 3 on the seismic data base and the seismic and volcanic
activity specifically during the campaign.

Since each topic is largely self-contained, the chapters each follow the conventional
scientific structure of introduction - methods - results - discussion.

The origin of the seismicity, notably the tremor (Aim 1), and the velocity model (Aim
2) are subject of Chapter 4 and were published in:

Lehr, J.; Eckel, F.; Thorwart, M. & Rabbel, W.

Low-Frequency Seismicity at Villarrica Volcano: Source Location and
Seismic Velocities,

Journal of Geophysical Research: Solid Earth, American Geophysical Union (AGU),
2019 , 124 , 11505-11530

The text was written by Johanna Lehr, who also performed the beamforming analysis
and velocity modeling. The amplitude location method was based on results from the
Bachelor thesis of Felix Eckel. Martin Thorwart and Wolfgang Rabbel served in advi-
sory capacity. Since the modeling of the velocity structure emanated directly from the
location procedure it was included in the paper.

The recurrence of the seismic transients (Aim 3) is analyzed in Chapter5. It is essen-
tially manuscript which is in reply at the time of writing the thesis:

Lehr, J, & Rabbel, W.
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1. Relevance & Aim of the thesis

Statistical aspects of volcanic seismicity at Villarrica Volcano in March
2012, submitted to Geophysical Research: Solid Earth, American Geophysical Union
(AGU), In Reply

Text and all results were provided by Johanna Lehr. Wolfgang Rabbel supervised the
work.

An additional analysis of the transient events is presented in Chapter 6. It addresses
the similarity of the transient waveforms and thus their nature. The text is structured in
a similar manner as a scientific article but is not yet submitted for publication. Analysis,
text and concept are by Johanna Lehr.

All findings are reviewed together in an overall conclusion and outlook in Chapter III.
The chapter also discusses indications to the remaining questions even though they were
not specifically addressed by the objectives.

With the two manuscripts, documents with supporting information were additionally
submitted. These are appended here as Appendices A and B. Moreover, Appendix C
presents an additional analysis, in which it was tried to separate the transients and tremor
using Independent component analysis.
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2. Background

2.1. Volcano seismology

Seismology is a powerful tool to both monitor volcanic activity and image the interior
of volcanoes. The fundamental difference to classic tectonic seismology is that volcanoes
produce a number of different seismic signals besides the familiar brittle failure of normal
tectonic earthquakes. Good overviews on the peculiarities of volcano seismology were
given e.g. by Kawakatsu and Yamamoto [2007]|, Zobin [2011], Wassermann [2012] and
Chouet and Matoza [2013]. The location of the seismic sources indicate key features of
the volcanic system while the waveforms reflect the source processes and therefore the
dynamics of the volcano. In addition, the waveform is modulated by reflection, refraction,
scattering and attenuation during propagation and thus reflects the seismic structure of
the edifice.

Normal earthquakes are the result of brittle shear failure. In volcanic context, such
events are referred to a volcano-tectonic (VT) events. They are characterized by rel-
atively high frequencies (>5Hz), a short duration of 5 to 10s and clear onsets of P- and
S-phase (Fig.2.1). They usually originate from the response of the surrounding rock to
changes in the stress field due to volcanic processes. For example in Iceland, the propa-
gation of a magmatic dyke was heralded by a myriad of small VT-events [Sigmundsson
et al., 2014|. Hence, VT events can indicate the presence or migration of volcanic fluids.

The so-called long-period (LP) events are commonly associated with fluid-dynamic
processes in the plumbing system [Chouet, 1996] and their mechanism is fundamentally
different from the one of of VTs. LP-events (Fig. 2.2) are typically characterized by fre-
quencies of 0.5-5 Hz, spindle-shaped, elongated waveforms and emergent onsets without
clear P- and S-phases [Chouet, 1996]. The frequency spectrum may be very narrow or
harmonic. Often the waveforms are very similar, which indicates a stable, repeatable
source mechanism. Their reverberating character is frequently explained as the result
of resonating interface waves that develop at the boundary of a fluid-filled reservoir,
such as a conduit, dike or crack [Chouet, 1996, Neuberg, 2000, Sturton and Neuberg,
2006, Chouet and Matoza, 2013]. While resonance effects explain the oscillating coda
of LPs, the actual trigger can be many things. Chouet and Matoza [2013| proposes five
broad categories of trigger mechanisms: 1) self-sustained fluid oscillations, 2) magma-—
hydrothermal interactions, 3) magmatic degassing, 4) brittle frac- ture of melt, and 5)
solid extrusion dynamics and plug stick—slip.

In contrast, Bean et al. [2014] suggested a slowly rupturing brittle failure mechanism
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Figure 2.1.: Samples of volcano-tectonic (VT) events from Villarrica, filtered between
2 and 20 Hz. They display clear onsets and - at most stations - distinguishable p- and
s-phases. The relative importance of p- and s-phases is determined by the radiation
pattern of the source and site effects of the stations. The VT-source was located 2-3 km
east of the summit.
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Figure 2.2.: Samples of LP-waveforms and their frequency spectra from three different
volcanoes. From Pezzo et al. [2013]
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2. Background

that allows for “dry” LP-events. Moreover, a shallow source depth and strong scattering
effects along the propagation path may cause significant distortion of a waveform such
that even a VT-event may be mistaken as LP-waveform [Wassermann, 2012, O’Brien and
Bean, 2009, Bean et al., 2014].

Events with frequencies of 0.01-0.5 Hz are referred to as very-long period (VLP)
[Chouet and Matoza, 2013]. They are attributed to pressure perturbations in volcanic
fluids and therefore show a volumetric source mechanism. Such perturbations occur e.g.
at branching points and other changes in the fluid pathway or by the opening or closing
of passages. Similar to LPs, the waveforms are highly repetitive.

Hybrid events (HYB) start with high frequencies and transition into a low-frequent
coda. Hence, they display characteristics of both VT- and LP-events. The high-frequent
onset is usually interpreted as a trigger event for the LP-like reverberations [Wassermann,
2012, Chouet and Matoza, 2013]. Chouet and Matoza [2013] emphasized that only events
with a shear-failure component - indicated by mixed first polarities - should be classified
as hybrids.

Volcanic tremor is a continuous signal that lasts for several seconds up to days and
has similar spectral properties as LP-events. Typical frequencies range between 0.5 and
5Hz with a narrow spectral peak [Konstantinou and Schlindwein, 2003, Wassermann,
2012, McNutt and Roman, 2015]. Different models of tremor generation have been
invoked. Sometimes, tremor signals unambiguously show overtones in their spectrum
suggesting a resonance phenomenon similar to LP signals. The flow of magma through
a conduit or dike could produce a sustained vibration [Konstantinou and Schlindwein,
2003, Kawakatsu and Yamamoto, 2007, Ripepe et al., 2010, Chouet and Matoza, 2013].
The extended character may also be achieved by the rapid succession of repeating seismic
events Neuberg et al. [2000], Eibl et al. [2017].

Volcanic eruptions are usually accompanied by a complex seismic signal that reflects
the transport and emission of material from depth to the surface [Zobin, 2017¢c|. Other
sources of seismic signals at volcanoes include surface activity such as rockfall, lahars
and pyroclastic density currents or interaction with ground water [Wassermann, 2012,
McNutt and Roman, 2015, Zobin, 2017d|.

Strombolian activity is a spectrum of mild volcanic activity named after the typical
activity of Stromboli volcano. It ranges from bursting of smaller gas bubbles (puffing)
without material ejection to the explosion of large slugs that involve emission of bombs
and ash [Gaudin et al., 2017al. A number of studies demonstrated in analogue and
numerical experiments that the ascent and bursting of gaseous slugs through liquid-filled
pipes produces signals similar to those that typically accompany Strombolian activity
[Ripepe et al., 2001, James et al., 2004, 2008, O'Brien and Bean, 2008, Chouet et al.,
2010, Spina et al., 2019]. Moreover, James et al. [2006] showed that similar signals
could also be produced if the slug passed through a sudden widening in the tube. The
signals show characteristics of LP-events such as an emergent onset, and usually have
a VLP-component |[Neuberg et al., 1994, Chouet, 2003, Wassermann, 2012|. They may
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2.1. Volcano seismology
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Figure 2.3.: a) E-W component and corresponding spectrogram of two types of Strom-
bolian explosions at Stromboli volcano, recorded =400 m from the active vent during a
swarm of explosion in September 1997. The period axis of the spectrogram is partitioned
into to linear segments by above and below the white line at 2s. b) Close-up of Wave-
forms of the two types: they show an emergent onset and a strong VLP-component.
Figure from Chouet [2003|
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2. Background

Crater with [
lava lake

Figure 2.4.: Satellite image of Villarrica Volcano with outlines of major features of the
edifice.

also display a high-frequency component which corresponds to an acoustic wave in the
atmosphere and coincides or follows shortly after the visible eruption |[Ripepe et al.,
2001].

2.2. Villarrica volcano

2.2.1. Geology

Villarrica Volcano is a 2847 m high stratovolcano located about 700 km south of Santiago
in Southern Central Chile (Fig. 3.1, top left). It is situated above the subducting oceanic
Valdivia fracture zone, the fluid release from which is thought to feed the magmas of
the Villarrica system [Dzierma et al., 2012]. The volcano is composed of basaltic to
basaltic-andesitic rocks. Its edifice consists of two larger, collapsed calderas of about 6 km
diameter (Fig.2.4) which formed during the Pleistocene [Moreno and Clavero, 2006]. At
their western rim, the current cone is situated in a younger (3.5ka, [Global Volcanism
Program, 2013|), smaller caldera (about 2km diameter). It hosts a summit crater of
about 200 m diameter and an active lava lake with a varying depth of 50-250 m below the
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2.2. Villarrica volcano

crater rim [Richardson et al., 2014]. A glacier covers the upper 1000 m of the volcano.

Significant deposits were produced by three violent explosive eruptions during the
Holocene. From the Lican eruption (13.9ka), up to 25m thick, exposed layers of ign-
imbrites were found [Lohmar et al., 2007, 2012], while the Pucon ignimbrites (3.5ka)
reach up to 70m [Parejas et al., 2010]. The Chaimilla eruption (3.1ka) deposited up to
2.5 m of material [Costantini et al., 2011]. These ignimbrites consist mostly of alternating
layers of ash, scoria, lapilli and volcanic bombs, deposited by fallout or pyroclastic flows.
The Lican [Lohmar et al., 2012] and Chaimilla [Costantini et al., 2011] ignimbrites are
found predominantly to the west and northwest of the volcano, respectively, while the
Pucoén deposits [Parejas et al., 2010| are widespread around the edifice.

2.2.2. Volcanology

Volcanic activity consists of mild Strombolian eruptions and lava effusion, occasional
mild-to-moderate explosions and ash/scoria ejections as well as continuous degassing.
Its high activity and the proximity to human settlements make Villarrica Volcano one of
the most dangerous volcanoes in Chile.

Studies by Witter et al. [2004], Mather et al. [2004], Palma et al. [2008|, Gurioli et al.
[2008], Palma et al. [2011], Moussallam et al. [2016], Aiuppa et al. [2017] on gas flux rates,
gas and magma composition indicate that vigorous convection of a two-phase system (gas
bubbles in liquid magma) takes place in the conduit. Convective two-phase flow could
also explain the notorious seismic and infrasonic unrest [Ripepe and Marchetti, 2002].
Between 2000 and 2011 the daily means of typical degassing rates of SO9 at Villarrica
ranged between 0.5 and 20kg/s with an average at 5kg/s and rarely exceeded 50kg/s
during periods of enhanced activity [Witter et al., 2004, Mather et al., 2004, Palma et al.,
2008, Bredemeyer and Hansteen, 2014].

Two studies by Moussallam et al. [2016] and Liu et al. [2019] investigated periodicities
in gas parameters at sampling rates of 0.125-1.0Hz. Although both studies measured
the SOy flux at comparable locations of the plume (slightly above the crater rim and ap-
proximately 200 m above the magma surface [Moussallam et al., 2016]) Moussallam et al.
[2016] showed periodicities at 30-380s while Liu et al. [2019] found cycles of 345-714s.
However, Moussallam et al. [2016] themselves were reluctant about their findings, since
contemporaneously measured gas concentration and temperature lacked any periodicity.
Interestingly, Liu et al. [2019] observed cycles on a similar scale (30-50s) but in SOq
concentration within the plume (using a drone). These differences are possibly caused by
an exceptionally low SO flux during Moussallam’s campaign. From the largely lacking
periodicities Moussallam et al. [2016] deduced an efficient mixing of raising gas-rich and
sinking degassed magma in the conduit resulting in a steady gas composition and flux
rate. Liu et al. [2019] in contrast reported notable, audible bursts before the peaks in
the SO9 concentration. Moreover, they found a significant lack of correlation between
the SO2 concentration measured inside the plume directly above the crater and that
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measured by an instrument positioned approximately 100 m downwind at the crater rim.
From the former finding, they concluded that the structure of the gas plume was predom-
inantly formed by the (active) degassing process of the magma whereas from the latter,
they inferred a nevertheless considerable influence of atmospheric effects (variable wind
speed, turbulences, etc.). Due to a low CO2/SOy molar ratio of around 1:1, they also
suggested that gas bubbles remain coupled to the magma until reaching shallow depths
and being actively released. Periodicities on time scales of hours to weeks were reported
in SOy degassing rates |Bredemeyer and Hansteen, 2014] as well as seismic amplitude
[Palma et al., 2008, Richardson et al., 2014]
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3. Data

3.1. Seismic network

A network of 75 short-period stations was deployed in an area of approximately 63 km
x 55 km around Villarrica Volcano between 1 and 14 March 2012. It was designed for
exploring the P wave velocity structure in a previous study |[Mora-Stock, 2015]. The
58 stations used in this paper for determining the origin of the seismicity are shown in
Fig. 3.1 in black, blue and orange - depending on the method.

The stations consisted of a DSS-Cube and a SM-6/U 4.5 Hz-geophone from the Geo-
physical Instrument Pool Potsdam of the GeoForschungsZentrum Potsdam (Germany).
Thirty stations were equipped with 3-component (3C) and 45 with 1-component (1C) sen-
sors. The instrument type is represented by the symbol shape in Fig. 3.1. The operation
time of each station is depicted in Fig. A.11 in the Appendix. The instrument response
was removed using a 4-corner-bandpass pre-filter of (0.3, 0.4, 30, 45 Hz) and a waterlevel
of 40. It was verified in a laboratory experiment - following Havskov and Alguacil [2004],
Pavlis and Vernon [1994|, Wielandt and Bormann [2002] - that the bandwidth of these
sensors can reliably be extended to one or even two decades below their nominal natural
frequency by removing the instrument response [Hilbert, 2015|. Examples from the lab-
oratory study are included in Appendix A together with a filter example using field data
from this study. All data were filtered using a strict lower cut-off frequency of 0.5 Hz
before any further analysis.

About 50 stations were situated within a radius of 10 km around the summit (Fig.3.1).
Three stations (KRA1 - KRA3) were installed at the crater rim 2800 m above sea level
(inlet Fig3.1). They are used for the automatic detection of transient events in Chapter 5.
A third station (KRA2) operated only the first half of the observation period and is used
to choose the frequency range for the analysis.

Seven stations (RIN1 - RINT7) were deployed on the northern flank at a height of
approximately 1800m a.s.l. and 24 were distributed around the volcano on the 1500 m-
contour line. The glacier is roughly outlined by the 1800 -contour line showing that only
stations KRA1-4 and RIN1-7 were installed within or near the glacier.

For locating the source of the tremor and and the velocity modeling (chapter 4), three
smaller subarrays to the west (AVW), north (ACV) and east (ALN) of the summit (insets
in Fig.3.1) were used as antennas for beamforming together with three spatially larger
subgroups of seismometers located at the rim and southeast of the crater (RINW, RINE
and VSE). Stations belonging to the subarrays are colored in orange in Fig. 3.1 whereas
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Figure 3.1.: Topography and seismic station set up. Symbol shapes represent the in-
strument type while black, blue and orange colors indicate what the station was used for
in Chapter4. Subarrays ACV, ALN and AVW are enlarged in extra boxes. The satel-
lite image shows the crater area with topography and stations overlain. Topography:
Jarvis et al. [2008], Satellite image: NASA Earth Observatory [2015]. See Fig. A.12 for

all station names.
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3.2. Seismic activity

groups are surrounded by black boxes.

The three subarrays AVW, ACV and ALN consisted of five stations each with a max-
imum aperture of 300m, 300 m and 200 m, respectively, and a mean station spacing of
approximately 100m. They were situated to the west, north and east of the summit
in distances of 4km, 6 km and 10km respectively. The RIN-stations were divided into
two linear arrays RINW and RINE, comprising the stations RIN1-4 and RIN4-7. The
distance to the summit was about 2 km and the spacing between the stations was about
400 m. This resulted in a maximum aperture of 1.5km for each subarray towards the
summit. The last subarray consisted of the stations VS12-15 which were located to
the southeast of the summit in a distance of 8-9km. These stations also had a fairly
large spacing of 900-1500 m, resulting in a maximum aperture of 2.5 km. The records of
the small arrays AVW, ACV and ALN show coherent signals at frequencies up to 4 Hz,
whereas RINE, RINW and VSE show coherent records only up to about 2 Hz because of
the larger station spacing.

RINE and RINW were very close to the expected source region, so that the plane wave
front assumption was no longer strictly fulfilled. However, test computations with plane
and circular wavefronts showed that the resulting deviation of beam directions were less
than 3°, which appeared tolerable.

3.2. Seismic activity

The seismicity was dominated by a persistent low-frequency signal throughout the whole
observation time. The waveforms varied between a diffuse tremor of relatively uniform
intensity over longer time spans (> 60s) and sections with high-amplitude transient
signals. Examples of these two extreme cases are shown in the first 400 s of Fig. 3.2, top
and Fig. 3.2, bottom, respectively. For lack of detailed knowledge about the true nature
of the events and tremor, the rather generic terms "tremor" and "transient events" are
employed as suggested by Palma et al. [2008]. Most of the time, the signal consisted
of a mixture thereof, that is periodic transients separated by a relatively high level of
background activity (Fig.3.2, bottom, t>400s). The corresponding spectrograms show
that the frequency range varies with distance to the crater. At the crater rim, the signal
energy is distributed between 0.5 and 10 Hz, whereas it is concentrated to the 0.5 to
2Hz band at distances larger than 3km. Station VS21 was situated similarly to the
stations used in the earlier studies of Ortiz et al. [2003], Calder et al. [2004], Palma et al.
[2008]. Here, the energy peak lies at about 2Hz which is consistent with previously
reported ranges. Fig.3.3 (top) shows transient events in a 1h-long record section of
station VS21. The comparison to the earlier studies (data from October 2000, March
2000 and February 2005, respectively) revealed a quite similar character of the seismicity
with transients occurring about every 60s.

As shown in Fig. 3.3, bottom, these bursts showed emergent onsets and spindle-shaped,
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Figure 3.2.: Samples of the two end-members of the tremor/event mix: Top: distinct,
impulsive transients, embedded in a low background tremor level during the first 400s.
Bottom: High tremor level with no or barely visible events. Frequency: 0.5-25.0Hz,
sampling rate: 50Hz, spectrogram: 20.48s with 20s overlap, indicated distance is to
source location at the summit.
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Figure 3.3.: Transient events; signal is filtered between 0.5 and 20.0 Hz. top: occur-
rences in 1-hour section of station VS21. bottom: Evolution of a single event with
distance to the source on vertical component: Amplitudes are normalized to the respec-
tive trace maximum. The spacing between the traces corresponds to horizontal distance
between stations. The waveform originates at the summit and propagates along the
northern flank.
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Figure 3.4.: Spectrograms of seismic signal at the crater rim. Power spectral densities

were computed in 40.96 s-long (2048 samples) windows with 50% overlap. The lower
trace shows the summed psd over all frequencies.
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elongated waveforms at most stations (upper four traces). These features are frequently
associated with LP events [Chouet, 1996]. Near the crater (< 500m) however, the wave-
forms were significantly shorter and more impulsive. Additionally, they contained much
higher frequencies up to 10 Hz or more. Thus, the event waveforms showed a significant
alteration and elongation along their travel path, indicating a strong influence of scat-
tering effects. The same phenomenon was already observed by Richardson and Waite
[2013]. In particular, they noted the possibility of falsely interpreting the discrete events
as tremor if they were observed only at late stations.

The frequency content was generally stable throughout the period of observations
(Fig.3.4). Near the vent, the frequency range extended up to 16 Hz and can be divided
roughly into 3 bands: 0.5-5.0 Hz, 5.0-7.5Hz and 7.5-16 Hz (Fig. 3.5). Frequencies beyond
7.5 Hz even dominated the signal at stations KRA1 and KRA3 but showed very different
patterns at the two stations. At KRA2 however amplitudes were reduced in that range.
Furthermore, the correlation of the signal between the stations was poorer at the high
frequency band than for the lowest one. All in all, it was concluded that the frequencies
beyond 7.5 Hz were too much influenced by site effects. For the detection of transients
the lowest frequency band of 0.5-5.0 Hz was selected.

3.3. Volcanic activity

The seismic campaign took place during a period of relative quiescence in volcanic activity
[Global Volcanism Program, 2015]. The last Strombolian activity before the campaign
was reported on 26 September 2011, followed by a period with almost no explosive
activity until March 2012. During our campaign, two small ash emissions were observed
on 7 March, incandescence from the lava lake on 7 and 8 March and lava spattering from
7-9 March. Shortly afterwards, another four small ash emissions occurred during 13-14
March, succeeded by a large white plume on 20 March and an 50 m high ash plume on 19
April. Incandescence ceased during April and was not observed until at least November.
Analysis of infrared satellite data by MODVOLC [Wright et al., 2004] revealed an elevated
level of thermal radiance, that started in early 2010 and ended shortly after the previously
described activity in 2012. Incandescence and thermal anomalies indicate, that the lava
lake is active. Significant activity was not resumed until the end of September 2014.

3.4. Nomenclature

For lack of detailed knowledge about the true nature of the events and tremor, we em-
ploy the rather generic terms tremor and transient events as suggested by Palma et al.
[2008]. The transients are usually attributed to degassing activity such as explosions,
bubble bursting and seething of magma in the lava lake Calder et al. [2004], Palma et al.
[2008], Richardson and Waite [2013| but it is unclear whether this is true for all of these
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waveforms. Therefore the term explosion might be too specific. Richardson and Waite
[2013] used the term long-period events (LPs) in the context of a repetitive waveform.
The official monitoring agency in Chile OVDAS also employs this term. At first sight,
the expression merely suggests a description of the frequency range of the waveform,
which - at least at the stations further away from the source - is even accurate. However,
after more than three decades of research on the nature of LP events, this name seems to
imply a bit more than that. Notably, it is associated with resonance effects of fluid-filled
cavities.
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4. Low-frequency seismicity at Villarrica

Volcano: Source location and seismic

velocities

Parts of this chapter have been published as:

Lehr, J.; Eckel, F.; Thorwart, M. & Rabbel, W.

Low-Frequency Seismicity at Villarrica Volcano: Source Location and Seismic Ve-
locities

Journal of Geophysical Research: Solid Earth, American Geophysical Union (AGU),
2019 , 124 , 11505-11530

Main results / conclusions:
e Tremor originates in the crater area
e Shallow velocity models at arrays AVW, ACV

Abstract Villarrica Volcano (Chile) is one of the most active volcanoes in South
America. Its low-frequency (< 5Hz) seismicity consists of a continuous notorious
tremor, overlain by impulsive transient events of higher amplitude in 60 s-intervals.
This signal was recorded in March 2012 by an extensive local network, comprising 75
stations and including six subarrays. It allowed us to apply and compare three tech-
niques to locate the origin of the seismicity: intersection of propagation directions
determined by array analysis, mapping amplitudes and modeling of amplitude decay.
All methods yield almost identical, temporally stable, epicenters inside the summit
crater, which confirms earlier attributions of the seismicity to volcanic activity in-
side the conduit. The discrete transients and the inter-event tremor share the same
source location. From the dominance of surface waves and the obvious scattering,
we infer a source near the surface. For two arrays at the northern and western flank,
a dispersion relation was derived which allowed to determine S wave velocity-depth
functions. At both locations, the velocity structure can be modeled by three layers
with interfaces at 100m and 400m depth. The velocities (300 to 3000m/s) corre-
spond to pyroclastic material at different states of consolidation. The modeling of
the amplitude decay reveals a quality factor around 50.

45



4. Source location & seismic velocities

4.1. Introduction

Villarrica is a 2847 m high, glacier-covered stratovolcano of basaltic to basaltic-andesitic
composition in the Chilean Andes. It is considered one of the most active and dangerous
volcanoes in South America with lahars posing the largest threat to the local population
(= 35,000 persons within 30 km) and the numerous tourists of the national park. The last
thirty years have been marked by a sustained mild level of activity including an active
lava lake which feeds mild strombolian eruptions and lava effusion, occasional explosions
and scoria ejections as well as continuous degassing. This activity mostly affects only
the crater region. The latest larger eruption occurred in March 2015. It caused several
lahars at the northwestern flank, an ash plume of 3 km height and a lava fountain reaching
1.5km |Global Volcanism Program, 2015].

The volcanic activity is accompanied by a persistent tremor of 0.5-5.0 Hz. For extended
periods of days to weeks, it may be overlain by transient, high amplitude events, which
are attributed to strombolian explosions [Ortiz et al., 2003, Calder et al., 2004, Palma
et al., 2008|. A similar signal is observed in the infrasonic spectrum [Ripepe et al., 2010,
Goto and Johnson, 2011, Richardson et al., 2014]. The entirety of the signal has been
denoted by previous authors as “tremor” [Ortiz et al., 2003, Palma et al., 2008, Ripepe
et al., 2010| while the impulsive bursts were termed “strombolian explosions” [Ortiz et al.,
2003, Calder et al., 2004, “discrete, higher-amplitude bursts”, “high-amplitude transients”
[Palma et al., 2008] or “long-period events” [Richardson and Waite, 2013]. This mix of
terminology reflects the lack of detailed knowledge concerning the nature of the seismicity.
For example, few studies specifically address the issue of locating the source of the seismic
signal. Ripepe et al. [2010] used a small array of infrasonic sensors to attribute the
infrasonic tremor to the crater. From the similarity of infrasonic and seismic signal they
deduced a common origin. Richardson and Waite [2013] applied a waveform inversion to
a single, repetitive “LP”-event and located its source at shallow depth inside the conduit.

The continuity of the tremor and the lack of clear event onsets inhibit the application
of conventional location methods. To overcome these typical limitations for volcanic sig-
nals, a number of alternative approaches have been developed. Array-based techniques
have been successfully applied to locate discrete, emergent events - such as long-period
events (LPs) [Chouet et al., 1997, Almendros et al., 2001b, Saccorotti et al., 2001a] - as
well as continuous tremor [Métaxian et al., 1997, 2002, Di Lieto et al., 2007, Eibl et al.,
2017|. Multiple small arrays allow to determine the epicenter without a velocity model
by intersecting the backprojected backazimuths (e.g. Métaxian et al. [2002]). With an
accurate velocity model at hand, more sophisticated methods, which refine the deter-
mination of the slowness vector by comparison with simulated parameters, significantly
reduce the uncertainty of the location and even enable the determination of the source
depth [Wassermann, 1997, Almendros et al., 2001b|. Inherently, array methods provide
information on the subsurface velocity structure. If the frequency-dependent phase ve-
locity of surface waves can be determined, this dispersion relation can be inverted for a
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4.1. Introduction

shallow velocity model. In early attempts by Chouet et al. [1998] and Métaxian et al.
[1997] regularly spaced, semi-circle arrays were deployed to make use of the SPAC-method
introduced by Aki [1957], whereas Zuccarello et al. [2016] and Saccorotti et al. [2001b]
used irregular arrays and a modified version of SPAC.

An entirely different approach was proposed by Battaglia [2003]. They located long-
period and other events at Kilauea (Hawaii) and Piton de la Fournaise (La Reunion)
firstly by interpolating the amplitudes within the sensor network and secondly by in-
verting for the amplitude-distance relation of the decaying amplitude. The decay is
controlled by geometrical spreading and intrinsic attenuation (see e.g. Aki and Richards
[2002], Stein and Wysession [2009]). Since the latter has a considerable effect on the
result [Kumagai et al., 2010], the method provides also an estimate of the attenuation
coefficient of the medium. The method is applicable to surface waves as well as body
waves

Numerous variations of these techniques have been applied in the last two decades -
along with different approaches such as e.g. the combination of particle motion with
semblance analysis for very long-period events [Almendros and Chouet, 2003, Zuccarello
et al., 2013] or the use waveform inversion (e.g. Ohminato et al. [1998]) or cross-
correlation (e.g. De Barros et al. [2009]).

The main objective of this paper is to locate the origin of the low-frequency seismicity
at Villarrica Volcano. To that purpose, we use data of a dense temporary sensor network,
which was deployed in March 2012 - originally intended for a velocity tomography [Mora-
Stock, 2015]. The abundance of stations on and around the volcano make the network
predestined for the application of the amplitude source location method. In addition, the
network comprised six sub-groups which we used for array analysis. In the present study,
we compare the location results obtained by both approaches. We do not distinguish
between events and tremor but look at the seismicity in its entirety. However, we examine
the temporal variation of the epicentral zone. As pointed out above, both location
techniques provide also information on S wave velocities and average attenuation of
the subsurface. Contrary to other authors, who used the SPAC method to derive a
dispersion relation for surface wave inversion, we directly use the slowness-frequency
functions obtained from the array analysis. As of today, the knowledge about the seismic
structure of Villarrica is sparse. Hence, our results may provide a valuable base for future
more detailed work including numerical simulations.

The paper is organized as follows. In the next sections, we introduce the geology
and the technical details of the data acquisition campaign, followed by an overview of
the seismic and volcanic activity during that time. Subsequently, we explain the array
and the amplitude-based methods including the determination of the velocity structure.
Sections 4.4, 4.5 and 4.6 contain the results, discussion and conclusion, respectively.
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4. Source location & seismic velocities

4.2. Source location by probabilistic slowness analysis
(“array analysis”)

4.2.1. Beamforming

A group of at least three relatively closely spaced stations can serve as an antenna to
detect the direction of arrival (DOA) and the horizontal slowness (inverse horizontal
velocity) of an incoming wavefield. A plane wave, that crosses this group, produces the
same waveform at each station, only slightly shifted in time (Fig.4.1). The set of pairwise
time shifts is determined by the DOA and the propagation velocity of the wavefront. As
long as the wavefield maintains its coherency across the antenna, the time shifts are easy
to detect. The corresponding slowness vector is usually found by a systematic grid search,
which can be implemented in the time or frequency domain. The waveforms are shifted
in time according to the test vector and stacked (beamforming or beampacking). The
most suitable vector yields the highest power. Detailed explanation on the principles of
array analysis and implementation of how to determine the slowness vector can be found
e.g. in Schweitzer et al. [2012].

We applied the frequency-wavenumber analysis implemented in ObsPy [The ObsPy
Development Team, 2017|. The quality of the stacked signal is measured by the sem-
blance coefficient, which is a dimensionless quantity between 0 (no coherency) and 1
(perfect coherency). The analysis was applied to 1-hour-sections, which were divided
into successive time windows of 5.12s with an overlap of 90%. The arrays operated from
2012-03-04T00:00:00 to 2012-03-13T00:00:00. For subarrays ALN and ACV two hours
are missing due to numerical issues with the data. We tested 61 slowness values between
0.05 and 3.0s/km (corresponds to 0.3-20km/s). DOAs were sampled in intervals of 2°
between 0° and 360°. The output consisted of time series of the maximum semblance
as well as the corresponding DOA and slowness values. In addition, we computed the
absolute energy content of the stacked signal. Following Almendros et al. [2001a], we
quantified the uncertainty of the DOA and slowness by determining the extent of the
95%-of-the-maximum-region in both slowness dimensions. We chose five frequency bands
of one octave between 0.5 Hz and 4.0 Hz, overlapping each other by one half octave.

Fig. 4.2 shows the time series of all three parameters for three frequency bands during
two consecutive episodic events. Evidently, high semblance values are not only achieved
during events but also during inter-event tremor. The DOA oscillates around a stable
mean value which is mostly similar at all frequencies. Strong, erratic deviations occur
(e.g. at 21.5min) but their amount is sparse compared to the periods of stable DOA.
Moreover, the DOA during these episodes depends stronger on the frequency band. Such
fluctuations may occur if reflections or signals from other sources yield more coherent
phases in an analysis window. The general stability of the DOA is maintained throughout
the whole observation time. Fig. 4.2 also indicates, that the DOA is independent of the
frequency while the slowness clearly increases with frequency.
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Figure 4.1.: Coherent waveforms during a transient event within subarray AVW. Data
were filtered between 0.71 and 1.41 Hz. Corresponding semblance values (lowest panel)

are drawn at the beginning of each 5.12s analysis window.
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4.2. Source location by probabilistic slowness analysis (“array analysis”)

4.2.2. Epicenter location

We located the seismic source area by determining the intersection of the beams from
our six subarrays. This approach is similar to those described by Almendros et al.
[2001b] and Métaxian et al. [2002]. The basic idea is that the origin of the signal lies at
the intersection of the rays determined by the DOA from multiple antennas positioned
around the source. Given the DOA measurement of an antenna A; at (x;,y;) and an
estimate of its uncertainty, we could derive a continuous probability density function
(PDF) fi (¢). From this, we determined the likelihood of any direction interval to be
the DOA of the detected signal. These likelihoods were backprojected onto a searchgrid.
The joint probability of the intersecting beams is given as
M
p($j,yj) _ NHZ {\2(@2]) (4.1)
2= (II fi(eis))
with ¢;; being the DOA at A; for a signal starting at a location L; = (xj,y;) of the
searchgrid. Instead of the location quality factor proposed by Almendros et al. [2001b]
and Métaxian et al. [2002], we normalized the joint probability density (the dividend in
Eq.4.1) by the sum over the entire searchgrid. This allowed us to interpret the result as
an actual probability. The derivation of Eq.4.1 is explained in detail in Appendix 4.7.1.
In principle, any PDF can serve as f;. We applied the von-Mises distribution which
is an easy-to-use, normalized approximation of the normal distribution for periodic data
[Mardia and Jupp, 1999]:

ohcos(p—p)

f(SD'M’K):W’

¢ €0, 27| (4.2)
with Iy being the modified Bessel function of order 0 and p and 1/k corresponding to
mean and variance (02) of the standard normal distribution.

We evaluated Eq. 4.1 on a grid of 16 km x 16 km with a sample spacing of Ax = Ay =
0.05 km, including the crater and all arrays. The grid point, which yields the highest
probability, is considered as the source.

In order to assess the significance of the outcome of Eq.4.1, we used the concept
of “highest density regions” (HDR) [Hyndman, 1996, Kruschke, 2015a]. In Bayesian
literature it is also referred to as “highest density interval” (notably for 1D cases) or
“credible interval/region”. This region comprises those grid points, which are bound
by lines of equal probability such that their sum contributes 100 - ¢%, ¢ € [0,1] of
the total probability over the whole grid. In other words, the HDR is defined by a
contour line of the data, which represents a g-quantile of the probability distribution.
The sought-after source location lies with a probability of 100 - ¢% within that region,
given the estimated uncertainties of the measurements. For the computation of the
HDR, we used a Python implementation of the algorithm proposed by Kruschke [2015b]
(www.github.com/aloctavodia/Doing_bayesian _data_analysis).
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Figure 4.3.: Probability for epicenter locations from each single array (top and middle
rows) and normalized superposition of probability density functions (PDFs) indicating
the probability of the epicenter from combined arrays. The location procedure can be
understood as a superposition of PDF "beams". Topography is indicated in 200 m-
intervals, 2000 m-contour is highlighted.
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4.2. Source location by probabilistic slowness analysis (“array analysis”)

The projections of the probability density functions and the result of their intersection
are shown in Fig.4.3. As described below in detail, the probability density functions
are representative of the entire recording period. The highest probability is achieved at
grid coordinates (5.6 km, 9.1 km), corresponding to 71.940°W and 39.4196°S. The source
location is thus situated at the northern rim of the summit crater. The area which
contributes 95% of the joint probability extends approximately 1000 m to the north and
south of the maximum location and about 500 m to the east and west.

4.2.3. DOA determination

The stability of the DOA estimate, regarding frequency and time, is most evident after
sorting the DOAs into a histogram (Fig.4.4). Sections of one hour or one day always
yielded similar distributions of the directions as when using the full time range. The
spread of the distributions accommodates the episodic fluctuations of the DOA. The
means are independent of the frequency band as shown in Fig. 4.4 (top). Therefore, the
data of the available frequency ranges were merged before determining the parameters of
Eq.4.2. This minimizes the contribution of the strong perturbations of the DOA (as seen
in Fig.4.2) because they are less consistent regarding frequency. The parameters were
then found by fitting the von-Mises distribution to the histogram using a nonlinear least-
squares solver. The histogram was converted into relative frequencies through division
by the number of total observations and normalized so that the sum between [0, 27 is
one. The histograms and fitted von-Mises distributions for the raw DOA data are shown
in gray in Fig.4.4.

We found, that the variance of the parameter estimate reduced significantly when the
contributions to the histogram were weighted by semblance and and sample uncertainty

using:
€

w=8§"(1— ——)m (4.3)

€maz
with S being the semblance, €,,,, = 7 being the largest expectable error and n, m being
scaling factors. We chose n = 10, m = 10 which effectively muted data with S < 0.8
when higher semblance values were available but still allowed the method to be applied
when the overall semblance was low. The resulting distributions are shown in black in
the last row of Fig.4.4.

Eq. 4.3 is an adaption of the weighting functions used by [Almendros et al., 2001b].
The semblance was included in order to enhance sequences with high semblances without
using an absolute threshold for preselection.

In this way, we extracted DOAs using data of 1-hour and 24-hour sections as well as
the the full time period of 9 days. In order to elucidate the relation between the episodic,
high-amplitude transients and the inter-event tremor, we separated the data into event
and tremor portions based on the energy content of the signal. The histogram analysis
yielded the same DOA for both data sets.
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Figure 4.5.: Histograms of slowness values determined by beamforming using the full
time range of data. Frequencies are normalized to the total number of observations in
the histogram. The slowness clearly increases with signal frequency.

4.2.4. S-wave velocity profiles from phase velocity dispersion

At arrays ACV and AVW the slowness shows a distinct dependence on frequency: the
maximum in the histogram representation clearly moves towards higher slownesses for
increasing frequency (Fig.4.5), which is a characteristic of surface wave dispersion. Since
only vertical components were used in the beamforming analysis, we interpret the de-
tected slowness-frequency relationship as the phase velocity dispersion of Rayleigh waves.

The histogram peaks were attributed to the center frequency of the respective frequency
band (the geometric mean of the upper and lower cutoff frequency) while the half-widths
at half-maximum served as uncertainty o;. From these dispersion curves, S wave velocity-
depth functions were determined using the neighborhood algorithm provided by Wathelet
[2008]. It is a stochastic direct search method where the random generation of new models
is guided by the results of previous runs. The quality of a model is assessed by the misfit
between the modeled and the observed dispersion curve. It corresponds to the square-root
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of the chi-squared test statistic:

x= J o o) (44
: |

i=0 o;ng

where ny is the number of sampled frequencies and c,; and ¢,; are the observed and
modeled velocities in the dispersion relation.

For the inversion, the dispersion curves were resampled to 15 samples between 1.0 and
2.8 Hz on a logarithmic scale. These boundaries correspond to the center frequencies
of the second and fifth frequency band. The lowest frequency band of 0.5-1.0Hz and a
center frequency of 0.71 Hz was removed since unrealistically high velocities were required
to achieve a reasonable fit. The low-frequency DOAs, however, are consistent with those
at higher frequencies indicating that the low-frequency arrivals were emitted from the
same source. Their slowness of 0.25 km/s, corresponding to a velocity of 4km /s, suggest
that these arrivals are low-frequency P waves.

The formal variables of the inversion are S wave and P wave velocity, linked by Pois-
son’s ratio, and density [Wathelet et al., 2004, Wathelet, 2008]. The model is organized
in layers, and layering can be introduced for each of the parameters separately. Each
layer is assigned a range for the respective parameters and the thickness. Since the in-
fluence of the density is negligible, it was fixed at 2700 kg/m? without layering. For the
Poisson’s ratio, we restricted the layering to one layer on top of a half-space, with the
depth of the top layer coupled to vg. Expecting unconsolidated material at the surface,
we allowed a wider and higher range of 0.25-0.4 for Poisson’s ratio and 0.2-0.3 for the
half-space |Gercek, 2007]. Number and depth of layers for vp were always analogous to
vs.

To find the basic layer structure we started the inversion with a model consisting of
two layers of constant velocity. Only three constant-velocity layers were needed to fit the
observed dispersion curve. We also tested models where the constant layer velocities were
replaced by velocities with a constant depth gradient. However, given the uncertainties
of the measured dispersion curve, no major improvement of the fit could be gained in
this way, and the resulting velocity-depth models showed the same basic structure as the
velocity models with constant layer velocities. Each input parameter set was tested with
five separate runs, with each run converging after 10200 to 40800 models.

4.3. Source location by amplitude decay analysis
(“amplitude source location”)

Battaglia et al. [2003] introduced two methodical variants how the decay of amplitude

of a signal along its travel path can be exploited for locating its source: 1) determining
the coordinates of the maximum of the amplitude field by interpolating the amplitudes
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4.3. Source location by amplitude decay analysis (“amplitude source location”)

observed at the receivers of a network and 2) performing a grid search for the location,
for which the amplitude-distance relation fits a theoretical decay curve best.

For each station, we determined the mean amplitude by computing the probabilistic
power spectral density (PPSD) of the signal [McNamara and Buland, 2004]. For this pur-
pose, the power spectral density (PSD) is computed for sequential time windows. The
resulting large number of PSD estimates allows for a probabilistic evaluation. At each
frequency, a histogram of the amplitudes is computed. Hence, the PPSD provides infor-
mation about how often a combination of frequency and amplitude occurs and therefore
allows an interpretation regarding the stability of the frequency content in time.

PPSDs were computed using velocity amplitudes and time windows of 100s. For each
station, all available data were used. The operation time of each station is given in
Fig. 13 of the Supporting Information. As shown in the Supporting Information, we
expect correct amplitude determinations for periods between 0.02s and 2.5 s (frequencies
of 0.4-50 Hz) after correction for the instrument response.

Fig. 4.6 shows the PPSD at station AVW1. The prevalent frequency-amplitude-distribution
appears as a distinct, narrow band which indicates a highly stable signal during the whole
period of observation. This stability is maintained throughout the network. Therefore,
we consider the respective PSDs as representative for the station despite the different
record lengths. The broad peak around 0.8s appears at all stations and its amplitude
decays with increasing distance to the summit, suggesting a volcanic origin. Based on
this interpretation, we averaged the amplitudes between 1.25 Hz and 3.3 Hz to obtain a
representative amplitude of the volcanic signal for the whole recording period. Most sta-
tions within 20 km distance to the summit showed a sufficiently high signal-to-noise ratio
to be included in the analysis. The 58 stations used for the amplitude source location are
marked in Fig. 3.1 in black (or blue and orange, if used before). Site amplification effects
were quantified by analyzing the S wave amplitudes of regional events. The procedure
is described in Appendix 4.7.2.

For the amplitude interpolation, we used a minimum curvature spline interpolation as
proposed by Smith and Wessel [1990] to obtain a map of the amplitudes (Fig.4.7, top)
on a 50mx50m grid. For a point source in a homogeneous medium, amplitude isolines
would form concentric circles around a maximum, which represents the epicenter. De-
viations from the circular shape reflect either uncertainties in the determined amplitude
or spatial variations of geometric spreading or attenuation of the seismic wave. However,
even in this case, the location of the amplitude maximum can still be considered as an
approximation of the epicenter if the source is situated close to the surface. For deep
sources, mislocation due the projection of topographic information on a plane might be-
come problematic if the source is not located underneath the summit. While Battaglia
et al. [2003], Battaglia [2003| interpreted the amplitude maps only qualitatively, we de-
termined the coordinates of the maximum. This enabled us to analyze the accuracy of
the result using the jackknife method [Efron and Stein, 1981] as explained below.

The second variant uses the theoretical description of amplitude decay based on geo-
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metrical spreading and absorption (e.g. Aki and Richards [2002], Stein and Wysession
2009]:

A(r)= %exp(—C’r) (4.5)

The exponential term describes the anelastic attenuation where the attenuation coeffi-
cient is composed of: ;
T

C= Qv (4.6)
Here, f is the frequency, @) is the quality factor and v is the velocity. The geometrical
spreading is given by 7P with p = 0.5 for surface waves and p = 1 for body waves. Thus,
one can perform a spatial grid search to seek the hypocenter where the difference between
the observed and theoretical amplitude-distance relation is minimal.

The array analysis (Section 4.2.4, Fig. 4.5) had shown that the considered wave portions
basically consist of Rayleigh waves. This implies that the waves propagate along the
earth’s surface and that p = 0.5, accordingly. We considered the effect of topography
on the travel path by approximating the path by the 3-dimensional Euclidean distance
between grid point and receiver. Thus, we neglected details of topographic variation
between source and receiver. To ensure that this is a reasonable approximation, we
computed the path lengths along the topography between the stations and a source
at the crater and compared it to the corresponding 3- and 2-dimensional Euclidean
distances. The median of the differences of all stations is 1% and 5% for the 2d and
3d case, respectively. Another consequence of the surface wave assumption is that we
implicitly assume that the sources are located near the surface. For the inversion, we
used a linearized version of Eq.4.5 with respect to r by multiplying by the spreading
factor 7P and taking the natural logarithm |Grazia et al., 2006]:

In(A(r)r?) =In Ay — Cr (4.7)

The slope corresponds to the attenuation coefficient C' and the intercept to the logarithm
of the initial amplitude Agy. For their determination we used a linear least-square solver
which minimizes the Euclidean L2-norm. The residual at any given grid point is the
root-mean-square sum of the differences between the observed and modeled left-hand
side of Eq.4.7. By this approach, we avoided using a predefined quality factor, as e.g. in
Battaglia et al. [2003] or Morioka et al. [2017].

The search grid covered an area of 4 kmx4km, centered on the summit. The distance
between the nodes was 50 m and the vertical source position was given by the topography
data. We used a Digital Elevation Model of 90 m resolution, based on SRTM satellite
data and provided by CGIAR-CSI [Jarvis et al., 2008]. The resulting map of minimum
residuals is shown in Fig. 4.7 (bottom). The epicenter is defined by the minimum.

In order to estimate the accuracy of the solution we applied the jackknife resampling
technique [Efron and Stein, 1981] on both methods. Coordinates of the maximum am-
plitude (interpolation) or minimum residual (grid search) were determined repeatedly by
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4.4. Results

systematically leaving out the i-th station. In doing so, we obtained a set of NV locations
with coordinates (1, 2;) for the amplitude interpolation and the amplitude decay fit,
respectively, of which the mean and variance was computed. N is the number of stations.

4.4. Results

4.4.1. Location

The source locations and their uncertainties resulting from all three methods are pre-
sented in Fig. 4.8. The exact UTM coordinates of the optimum points are listed in Table
4.1. For the beamforming analysis, these coordinates correspond to the grid cell with
the highest single probability. The figure shows the outline of the 95%-HDR, while the
table lists its approximate extents. For the amplitude methods, the optimum point is the
jackknife estimator and the uncertainty is given as twice the standard deviation, derived
from the jackknife-variance. This corresponds to the extents of the 95%-confidence in-
terval of the x- and y-coordinates, respectively. The differences between the results of all
three methods is less than 200 m. The mean epicenter is situated at the geographical co-
ordinates (71.94058°W, 39.42129°S). The epicentral areas determined by the amplitudes
methods are situated on the southwestern crater rim, whereas the array analysis posi-
tions the source slightly outside the summit crater. Most importantly, the uncertainty
intervals overlap completely.

The strong path effects (Fig.3.3), observed at single event waveforms, and the depen-
dence of slowness on frequency (Fig.4.5), indicate a prevalence of surface waves in the
wavefield. Therefore, we could not deduce a potential source depth.

Fig. 4.9 shows the fit between the observed and modeled amplitudes at the optimum
location according to the jackknife test. The mean relative error of the fit is around 2%
with a maximum of about 5%. The slope corresponds to an attenuation coefficient of
C =0.12km~'. The array analysis yielded slownesses for frequencies around 2 Hz be-
tween 0.8 km/s and 1.1km/s, corresponding to phase velocities of 1.4km/s and 0.8 km/s,
respectively. Using these in Eq. 4.6 with f =2.0 Hz results in quality factors @ of 37 and
58.

The DOA values turned out to be very stable during the observation period. Fluctu-
ation occurs on a time scale below hours since histogram analysis on hour- or day-long
subsets reveal an equally stable mean DOA. When applied to time segments of one hour,
the resulting optimum directions p mostly oscillate within 5° at most around a mean
value. Therefore, the corresponding locations vary only slightly within a few grid cells
(Fig. 4.10, top, center). The variation in North-South is somewhat larger than in East-
West direction which is in good accordance with the elliptic shape of the HDR. There
is no perceptible trend with time, that might be attributed to a moving source. We see
the least variation of the coordinates as well as the area of the 95%-HDR with time be-
tween 7 and 9 March (Fig. 4.10). Similarly, separating the data into “event” and “tremor”
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Figure 4.9.: Fit of theoretical and observed amplitude decay for the source coordinates
determined by jackknife resampling.
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portions based on the energy content of the signal results in the same optimum location.

4.4.2. Velocity profiles

The slowness histograms, in contrast to the DOA, vary strongly with frequency. They
show a tendency of higher slownesses (lower velocities) towards higher frequencies - a
characteristic that indicates surface wave dispersion. The effect is most pronounced at
antennas AVW and ACV (Fig.4.5). Since they are sensitive to the widest frequency
range, they are the most suitable for the determination of dispersion curves and velocity
profiles.

As representative examples, Fig.4.11 shows the results for every tenth model that
yields a misfit<0.1. These ensembles comprise the models generated during the five
separate, fully independent inversion runs, that yielded the lowest misfits. The velocity
profiles (top row) and corresponding dispersion curves (bottom row) are color-coded
by the misfit. The original dispersion curve and its uncertainties, derived by histogram
analysis of the slowness values, is included in black. The interpolated target function used
in the inversion is shown in gray. In the following, we primarily refer to the properties of
the best-fitting models, while the ensemble of possible solutions gives an impression of
the spread along the depth and velocity axis, given the uncertainty of the slowness. The
models are cut at an arbitrarily chosen depth of 800 m. Note, that this deepest layer is
the top of the half-space model.

For ACV, a minimum misfit around 0.028 is achieved for a 3-layer model. Most remark-
ably, the best-fitting models exhibit a shallow top layer with faster velocities than the
one underneath. The ensemble, however, also offers solutions where the lowest velocities
are in the surface layer. The inversion converges reliably for five of five independently
generated starting models and after 20400 iterations.

In contrast, AVW exhibits a purely increasing velocity profile, while maintaining the
3-layer structure. However, the parameter set does not converge as easily. Only five out
of twenty inversion runs converged at a final misfit around 0.0145 after 20400 iterations.
Yet, within these five successful runs, the properties of the top layer remain ambiguous.
About 30% of the best models feature a 50 m thick layer with a velocity of about 370 m/s,
whereas the majority yields a 100 m thick layer with vy ~700 m/s.

While the velocities in the uppermost 100 m differ greatly, both locations, ACV and
AVW/ exhibit a layer of 1100-1500m/s in a depth between approximately 100m and
400 m below the surface. The underlying halfspace is again slightly different, with veloc-
ities around 2500 m/s for AVW and 3000m/s for ACV.
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4.5. Discussion

4.5. Discussion

4.5.1. Source location

We applied three different methods to locate the origin of the persistent low-frequency
seismicity of Villarrica Volcano in March 2012. All of them yielded an almost identical
source region inside the summit crater. This result is in good agreement with the study of
Richardson and Waite [2013] who located the source of a repetitive LP event over a time
span of three years, including 5-11 March 2012, inside the summit crater. In contrast to
their study, we did not locate a selected single event but analyzed the signal as a whole
over the full time interval of nine days. Therefore it can be concluded that the entire
permanent unrest representing the seismicity of Villarrica in the considered time span
originated at the summit crater. The way, we determined the amplitudes and DOAs
for the array method parameters, may implicitly enhance the transients due to their
higher energy content and slightly better correlation. However, a deliberate separation of
high- and low-amplitude portions using the beamforming parameters indicated identical
epicenters for the background tremor and the transient events.

The applied location methods imply that the seismic source is at or near the earth’s
surface. This assumption is supported by our finding that the observed waveforms are
surface waves, from the dispersion of which geologically plausible S wave velocity-depth
functions could be determined. To further evaluate the assumption of a shallow source
depth, we tentatively assumed that the wavefield consists of body waves and repeated
the location by amplitude decay fitting. For this test, the distance exponent p in Eq. 4.5
was set to 1 and the search space was extended to 3D. It turned out that the amplitude
decay could also be fitted with body waves while the source location remained close to the
surface. We see this as a numerical confirmation of a shallow source depth. Furthermore,
the epicentral coordinates determined for the body wave solution deviated by several
100m from those obtained consistently by array analysis and amplitude interpolation.
Therefore, we conclude that the assumptions of surface waves and a shallow source depth
are valid. Besides, a shallow source depths favors a strong scattering of the wavefield
and, hence, explains the observed significant elongation and alteration of waveforms with
source distance better than body waves radiated from a deep source. However, it should
be noted that at the lowest frequencies (0.5-1.0 Hz), the velocities obtained by the array
analysis were too fast to be surface wave velocities while the corresponding DOAs - and
hence their origin - were similar to those at higher frequencies. Although the slowness
would correspond to a plausible P wave velocity, we can neither rule out that it results
from slower body waves impinging at a steeper angle which would imply a deeper source.

Regarding the spatial resolution, the probabilistic diagrams (Figs. 4.3, 4.7, 4.8) show
that the applied location methods would not be able to separate closely spaced sources
(<100m). This applies also to a possibly varying source depth inside the conduit. Within
these uncertainty limits, we showed that the horizontal coordinates of the signal origin
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were stable in time and position during our period of observation. Minor fluctuations
occurred only on hourly basis. These may be generated numerically by changes in the
surrounding noise which affects the DOA determination but could also be caused by
actual variations of the active source.

Our results are strictly valid only for a limited period of observations of nine days.
Therefore, inferences about the source at other time periods should be made with care.
However, as we pointed out in Section 3.2, comparisons with data from other observation
periods suggests that the seismic activity during our campaign was similar in character
and frequency to that reported in the previous studies ( Ortiz et al. [2003], Calder et al.
[2004], Palma et al. [2008], Mora-Stock et al. [2014]). Besides, the aforementioned repet-
itive LP event in the study of Richardson and Waite [2013] occurred over a time span
of three years, including March 2012, which indicates a certain stability of the volcanic
system during that time.

4.5.2. Attenuation and scattering

In contrast to other authors using the amplitude source location method (e.g. Battaglia
et al. [2003], Kumagai et al. [2011], Morioka et al. [2017]), we did not need to predetermine
the quality factor due to the linearization of Eq.4.6. Instead, we deduced the damping
coefficient from the data during the fitting of the amplitude decay which yielded a quality
factor between 37 and 58 for velocities at the frequency of 2 Hz.

Battaglia et al. [2003] used a fixed @ of 50 in their grid search at Kilauea (Hawaii).
Using data from Tungurahua and Cotopaxi (both Ecuador), Kumagai et al. [2011] inves-
tigated the dependence of the misfit on various given () and found the lowest residual
for @ =30 in the frequency band of 1-6 Hz. Kumagai et al. [2011, 2010], Morioka et al.
[2017] point out, that the quality factor used in the amplitude source location method is
composed of scattering (Qs) as well as intrinsic (Q;) attenuation by Q! = Q7! + Q;l
Assuming that the wavefield is strongly affected by scattering, ); should be low and
therefore dominate the total Q. Wegler and Liihr [2001] provided a method to separate
scattering and intrinsic attenuation by inverting seismogram envelopes based on the en-
ergy diffusion equation. At Merapi (Indonesia), they found Qs ~ 2 and @; ~ 100 for
frequencies as low as 4Hz. Using the same method, Prudencio et al. [2013] presented
mean quality factors of Q = 35, Q; = 119 and Qs = 45 for frequencies around 6 Hz at
Tenerife Island. Especially the latter results are fairly similar to our findings. Strong
scattering effects become further manifest in the massive alteration of waveforms along
their propagation path.

According to Kumagai et al. [2010] and Kumagai et al. [2011] in order for Eq.4.5 to
be valid, one must assume isotropic radiation from the source, which is not the case
for typical volcanic sources, notably cracks. In order to solve this contradiction, they
suggested that scattering effects overprint the initial radiation pattern. To ensure this
effect, the amplitude method should be carried out at high frequencies since they are
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more affected by scattering. At Villarrica, Richardson and Waite [2013] also determined
a nearly horizontal, single force source mechanism for their studied LP event, resulting
in a strong horizontal component of the signal. Since their observation period partially
overlapped with ours, we may assume that at least parts of our data were produced by
a similar (or indeed the same) non-isotropic source. Therefore, this problem has to be
considered here as well. There are basically three reasons indicating that our results
are not affected seriously by radiation patterns: First, as already stressed above, we see
indeed evidence of strong scattering effects at the analyzed frequencies. Second, we used
a wide and dense station network, which would have revealed systematic distortions of
the wavefield due to radiation patterns if they were significant. This is in contrast to
Kumagai et al. [2010] and Kumagai et al. [2011] who only used five stations. Third, we
used the mean amplitude of a period of nine days instead of single events. This averaging
will compensate radiation bias if the source orientation is rather random than constant
over time. Indeed, exemplary particle motion diagrams of the 3-component stations
revealed that source radiation is variable in time, indicating variation of source types or
orientations (see Supporting Information).

4.5.3. Velocity structure

The velocity-depth profiles, despite the considerable distance between their locations, are
remarkably similar below 100 m. The P wave tomography of Mora-Stock [2015] proposed
a P wave velocity of 4.5km/s at both sites. This value would be consistent with the S
wave velocity of 1.5km/s in the middle layer and a Poisson’s ratio of 0.25. Métaxian
et al. [1997] presented vertical S wave velocity models from surface wave inversion for
Masaya Volcano (Nicaragua) which are comparable in structure and velocities to ours.
They found four layers with thicknesses of around 50-70 m, 130-170 m and 550 m. The S
wave velocities increase from less than 1.0km/s at the surface to around 2km/s above
the half-space, starting at 800m. Velocity-depth functions were obtained at opposite
sites of the volcano.

The relatively low velocity values of around 1500 m/s between 100 m and 400 m are typ-
ical for moderately consolidated and heterogeneous materials such as deposits from tephra
fallouts or pyroclastic density currents. Indeed, exposed deposits from the Chaimilla
(3.1ka), Pucon (3.5ka) and Lican (13.9ka) eruptions reveal up to several tens of meters
thick layers of ignimbrites, pyroclastic material and tephra fallout [Lohmar et al., 2007,
Parejas et al., 2010, Costantini et al., 2011]. These older deposits are widespread around
the western and northern flanks [Parejas et al., 2010]. Therefore, we may expect a similar
velocity structure below the juvenile deposits of recent eruptions.

Velocities around 2000-3000m/s, as found below 400 m, may be attributed to older
and more consolidated pyroclasts or ignimbrites.

In contrast, the velocities in the surface layer are notably different between the two
sites. The low velocities at the surface at AVW indicate loose and coarse material such
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as young/fresh pyroclastic deposits while the high velocities at ACV point to more solid
rocks. Corresponding outcrops are found at the respective sites: AVW was placed on
rather loose pyroclastic deposits whereas ACV was situated on a solidified lava flow,
known as the Cuevas Volcénicas.

The colors in Fig.4.11 represent the misfit between the target dispersion curve and
the one yielded by the respective model. Obviously, the dispersion curves even for the
least fitting models lie well inside the error bars such that they are to be considered as
of similar statistical value. Yet, the emanating structure is still well represented by the
best fitting models. A dubious case are the velocities of the top layer at ACV, which
could also be lower than the ones in the subjacent layer. The fast velocities however are
backed by the visible geological site properties.

4.5.4. Implications on the source process?

Together with the mild volcanic activity during the campaign, the epicenter inside the
summit crater strongly suggests an intimate relation between seismicity and volcanic
activity. Despite the considerable number of available studies, little is known about the
actual cause of the seismic unrest and the event-like transients at Villarrica. Calder et al.
[2004] attributed the transients to small strombolian explosions. Palma et al. [2008]
stated a generally good correlation between SOs flux and intensity of the seismicity.
However, their study is based on only a small number of daily gas observations. They
also observed a temporal correlation between bursting bubbles at the lava lake surface
and transient seismic events in 2006. Both findings support the general idea, that tremor
but also LP events are caused by migrating fluids [Chouet, 1996|. On the other hand,
Goto and Johnson [2011] reported a lack of correlation between the transients in the
infrasonic tremor signal and video observations of lake activity in 2010.

The study of Richardson and Waite [2013] used the longest observation time series,
in which they identified a repetitive “LP” waveform that originated in the crater. They
interpreted its source-time function as a magma dragging at a horizontal lake bottom.
These authors used the term “long-period” events but attributed the investigated signal
to seismic and infrasonic emission close to or at the surface of the lava lake. Hence, it is
not entirely clear whether their studied event is fundamentally different to our transient
events. In the following discussion, we use quotation marks to denote the terminology of
Richardson and Waite [2013]. Nevertheless, our study likewise located the origin of the
seismicity inside the crater. Assuming that the “LPs” of Richardson and Waite [2013]
are similar to our transient, our result is in good accordance with theirs.

Moreover, Richardson and Waite [2013] already pointed out that signals may be
strongly affected by path effects, and they found an empirical correlation between tremor
intensity and the number of detected events. Based on these two findings, they suggested
an intimate link between single “LP-waveforms” and tremor, such that the tremor signal
consists at least partially of overlapping “LP”-codas.
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Our results support this idea inasmuch, as we can confirm the observation that signals
evolve from short bursts at the crater into extremely elongated waveforms at a few
kilometers distance. Hence, superposition of the signals becomes more and more of an
issue up to the point that the discrete impulsive character of the transient events is lost.
Signals recorded only at some distance to the crater might be misinterpreted as uniform
tremor or LPs.

In addition, we demonstrated that the entirety of the low-frequency signal of Villarrica
can be attributed to a confined source region. This could be seen as another indicator
for a common source of tremor and events. Yet, we have to point out, that our meth-
ods would probably not resolve too closely spaced sources (<100m). This is especially
true for different source depths inside the conduit, due to the lack of accurate depth
determination.

Finally, not only the location but also the frequency content showed little variation
during the period of observation. Nevertheless, we observed significant fluctuations in
the character of the seismicity as reported in section 3.2. This suggests at least a close
relationship between tremor and transient events. In any case, the stability of the location
and frequency imply a sustained generation process of the signal.

On the other hand, Palma et al. [2008| described a complex and not always straightfor-
ward interplay of average amplitude level (RSAM) as an indicator of tremor, the number
of transient events, degassing and visible activity of the lava lake. Most importantly,
these authors reported a lack of correlation between the event rate and RSAM for the
period from November 2004 to April 2005. Calder et al. [2004] even reported the absence
of strombolian explosion quakes during a tremor period in August-December 1999. Both
observations rather indicate two different source processes for the tremor and the tran-
sient events. A more detailed investigation of individual events might provide a better
insight into this issue.

4.6. Conclusion

In early March 2012, Villarrica Volcano showed a continuous low-frequency tremor sig-
nal with overlain, transient high-amplitude bursts in intervals of approximately 60s.
Using three independent methods (beamforming with intersection, modeling of ampli-
tude decay, amplitude mapping) we could demonstrate that the epicenters of the signal
components as well as of the composite signal as a whole were located in the same area
inside the summit crater and close to the earth’s surface. By dispersion analysis it could
be shown that the wavefield produced by the seismicity was composed mainly of surface
waves. This is consistent with a shallow source depth. The uncertainty of the epicentral
coordinates is of the order of some 100m. Using a moving-window analysis, we could
show that the source position was stable during the nine days of observation. The prob-
abilistic evaluation of the power spectral density revealed an equally stable frequency
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content of the seismic signal. Together with the identical epicenters of transient events
and tremor this may indicate an intimate link between the different characteristics of the
low-frequency seismic signal. Yet, whether this indicates a common (or even identical)
source process remains disputable.

Aside from the origin, we obtained S wave velocities at the northern and western flank
and attenuation parameters of the Villarrica volcano from the location methods. The
velocities of the surface layer are in accordance with the site structures: the low velocities
at the western flank correspond to the fresh, poorly consolidated ashes, while the high
velocities at the northern location are caused by the lava flow that forms the Cuevas Vol-
canicas. Between 100m and 400 m, both locations exhibit very similar velocities around
1200 m/s, corresponding to pyroclastic deposits and ignimbrites from earlier eruptions.
The average seismic quality factor Q is of the order of 50 at around 2 Hz in the uppermost
200 to 300 m.

In comparison with earlier reports on the seismic and volcanic activity of Villarrica
(|Ortiz et al., 2003, Calder et al., 2004, Palma et al., 2008, Richardson et al., 2014]), we
believe that our data represent more or less a common behavior of the volcano. Therefore,
the source location, that was found in this study, may be considered representative for
this type of activity. Nevertheless, we point out, that our observation period comprises
merely two weeks, and hence inferences to other periods should be made with care.
The medium parameters on the other hand are less affected by this limitation unless
significant changes happen to the volcanic edifice. They may provide a solid base for a
closer look at individual events which could reveal interesting details about the dynamics
inside the conduit.

4.7. Appendix

4.7.1. Probabilistic intersection

We realize this concept using a probabilistic, Bayesian framework. Given the DOA
measurement of a signal by an antenna A; at (z;,y;) and an estimate of its uncertainty,
we may derive a continuous probability density function (PDF) f; (¢). Thus, we know
the likelihood of any direction to be the DOA of the detected signal. A signal from a
source location L; = (x;,y;) impinges at A; from a direction

Ti— T
vij = g (xi,¥;, xj,yj) = arctan J ! (4.8)
Yi — Yi

This relation allows us to quantify the likelihood that L; is the source of the signal

detected at A; given that f; (¢) represents the distribution of the results of the DOAS
measurements.
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Bayes theorem describes the probability of hypothesis H, given an observation O. We
postulate that H : L; is a source of the signal detected at antenna A; while O : we
observed an incoming signal with f; at A;.

Eventually, we are going to compare a number of L; values drawn from a set of IV
possible locations. We hereby assume that these hypotheses are exclusive (there can be
only one source) and exhaustive (one L; in the set must be the source), so that we need
the generalized form of Bayes’ theorem (e.g. Bernardo [2011]):

2= P (O | Hy) P (Hy)
Instead of probabilities one may also use probability densities.
The probability to observe a DOA ¢;; if H; were true, is given by f;, thus:

p(O | Hj) = [i (¢ij) (4.10)

Concerning the hypotheses, we may assume P (H;) = const. because without any further
knowledge all L; are equally likely to be the source. Consequently, P (H;) is eliminated
in Eq.4.9.

Now we want to exploit that we actually have multiple observations O; of the sig-
nal. These observations are statistically independent since one does not require another
antenna to detect a signal at A;. Therefore, the joint probability for making all obser-
vations at the same time is given by the product of the individual probabilities and we
may extend the above to |[Bernardo, 2011]:

M M
p(O1N..N 0N | Hj) = HP(Oz‘ | Hj) = Hfi (i5) (4.11)

Moreover, we may treat the set of observations {O;} equivalently to a single observation,
so that Eq. 4.9 can be extended by induction and combined with Eq. 4.11 to:

P(O1N...N Oy | Hy)
SN . P(O1N..N0 0y | H)
1 P (0i | Hj)
YLy (I P (0; | Hy))
1Y £ (i))
S (TLY fi (eig))

P(Hj’Olﬂ...ﬁOM) =

(4.12)

4.7.2. Site amplification estimation

Site amplification factors are needed to correct the amplitudes of the volcanic signals for
the influence of near-surface geological layering. We determined a relative site amplifi-
cation factor for each station following the procedure of Bonilla et al. [1997] for S-waves.
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However, since most of our instruments were single-component sensors we considered
only the vertical component. The procedure was applied to the frequency band between
1 Hz and 3 Hz.

The amplitude spectrum A(w) of the observed ground motion of an earthquake can be
expressed by:

Alw) = E(w) - P(w) - S(w) (4.13)

E(w) is the amplitude spectrum emitted from the hypocenter of the earthquake (moment,
size, radiation pattern), P(w) is the alteration of the amplitude spectrum due to the travel
path (e.g. geometrical spreading, damping) and S(w) is the amplification due to local
structure at the recording station (site effect). The site amplification factor relative to a
reference station is:

Sw) _ Eref(w) Prep(w) Aw)
Sref(w)  E(w) P(w)  Apes(w) (4.14)

To derive a relative site amplification factor we selected eleven regional earthquakes
(Table 4.2) showing a strong S-wave arrival. In the analysis, the following steps were per-
formed: First, the waveform of the vertical component was corrected for the instrument
response to obtain the ground motion of the seismic signal. Secondly, the data were fil-
tered with a bandpass between 1 Hz and 3 Hz and the signal energy was determined for a
time window around the S-wave arrival (Fig. 4.12). The energy values were normalized
by the signal energy of a reference station (in our case station AVW4) and expressed in

dB.

We assumed that the amplitude spectrum of the incoming wave E(w) is approximately
the same for all stations, since the radiation angles differ by a maximum of only 3 degrees.
This is because lateral extent of the network of 20 km is small compared to the epicentral
distance of more than 200 km (Table4.2). Therefore, the correction for differences in
the emitted source spectrum FE,.¢(w)/E(w) can be neglected. For the same reason we
assumed that the differences in the alteration P(w) of the amplitude spectrum caused
by differences in the travel path are so small that they can be neglected

The site amplification factor of each station was then determined by computing the
median of the normalized energy values derived from the selected eleven regional events
(Fig.4.13). For comparison we also determined the site amplification factors by the
more popular coda wave method [Aki and Chouet, 1975, e.g.| but found no significant
differences between both methods for our data set.
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Figure 4.12.: Regional event ML=4.9 on 2012-03-03 at 22:12:56.11. Waveforms are
instrument corrected to ground velocity (in pum/s) and filtered with a bandpass between
1 Hz and 3 Hz. Red rectangle indicates the time window for the energy determination.
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Table 4.1.: Source location in UTM zone 19S

Method

X

y

Array analysis
Ampl. interpolation
Ampl. decay

246901.7 £ 500 m
246851.7 £ Om
246761.7 £ 210m

5632237.7 £ 905 m

5632387.7 £ 150 m

5632387.7 £ 150 m

Table 4.2.: Regional events

Event-ID Date Time Latitude Longitude Depth ML Distance
600794002 2012-03-01 06:44:26.53 -38.2115  -73.6291 25.8 4.2 199 km
604845792 2012-03-01 20:33:28.90 -36.782 -73.57 22.7 3.8 326 km
604845802 2012-03-02 23:11:19.30 -37.746 -74.745 20.0 3.9 307 km
600954421 2012-03-03 00:52:38.92 -36.5418 -72.47 51.3 39 323 km
600760711 2012-03-03 22:12:56.11 -35.6975  -72.8917 206 49 422 km
600954498 2012-03-03 23:20:14.65 -37.9104  -75.1229 350 39 324 km
600760714 2012-03-03 23:43:04.58 -35.7061  -72.8923 20.2 4.8 421 km
604845822 2012-03-05 08:06:54.37 -36.215  -73.2807 10 3.9 375 km
600791120 2012-03-09 00:43:33.40 -34.7027 -72.8732 2.6 4.3 531 km
604845863 2012-03-11 03:30:02.80 -37.562 -74.11 404 3.6 280 km
600778273 2012-03-12 19:37:36.19  -34.961 -71.6532 66.1 4.9 496 km
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5. Magnitude and interevent time
statistics of transient events and
inference regarding the flow regime

Parts of this chapter have been submitted as:

J. Lehr & W. Rabbel

Magnitude and interevent time statistics of Strombolian activity of Villarrica Volcano
and inference regarding the flow regime

Journal of Geophysical Research: Solid Earth, 2021

Main results / conclusions:
e Magnitudes of explosions do not obey GR-law, they have a peak magnitude
e Interevent times indicate a slightly periodic recurrence.

e Comparison of the statistical distributions with size distributions of gas bubbles
flowing in liquid suggest a sustained slug flow regime for the upper conduit.

Abstract

The different flow regimes of two-phase gas flow - as it occurs in the shallow conduit
of basaltic volcanoes - are characterized by distinct frequency-size distributions of
the liquid and gaseous slugs. Assuming that the ascent of gaseous bubbles is indi-
cated by seismic events, we explore the possibility to infer the flow regime from the
frequency distributions of magnitudes and interevent times. Our data set consists
of 20,000 volcanic seismic events recorded in early March 2012 at Villarrica Volcano
(Chile). They are attributed to Strombolian activity. One crucial factor is the com-
pleteness of the catalog in terms of detectable amplitudes which we assess using a
stochastic simulation of the network output based on statistical properties of the
ambient seismicity.

Magnitudes show an exponential occurrence in the complete part. Yet, the sim-
ulation approach indicates that low magnitude events occur indeed more sparsely
than expected for an exponential distribution, and that the magnitude distribution
does not obey the Gutenberg-Richter law. Interevent times between events in the
complete part of the catalog suggest a log-normally distributed occurrence of events
which implies a preferred recurrence interval. The interevent time possibly correlates
with the preceding magnitude. Our findings suggest a sustained slug flow regime,
although more factors should be taken into account for a definite answer.
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5.1. Introduction

Magma flow and degassing in open-vent volcanoes is the result of a complex interaction
between liquid rock and the gas phase. When magma rises inside a conduit, gas bubbles
start to nucleate once the lithostatic pressure is low enough and a separated two-phase
flow develops consisting of gas bubbles in liquid magma [Sparks, 1978, Jaupart and
Vergniolle, 1988, Parfitt and Wilson, 1995, Seyfried and Freundt, 2000, Parfitt, 2004,
Shinohara, 2008, Burgisser and Degruyter, 2015, Pering et al., 2017, Spina et al., 2019).

These bubbles become visible at volcanoes when they burst at the surface and pro-
duce a Strombolian-type activity. In addition, the gas release can be measured directly
with chemical detectors and optical sensors, also indicating intermittent degassing [Shi-
nohara, 2008, Nadeau et al., 2011, Carn, 2015, Pering et al., 2015, Gaudin et al., 2017a,
Pering et al., 2019a|. Understanding how these surface observations relate to the pro-
cesses inside the conduit could be beneficial for volcano monitoring and ultimately hazard
management.

Since direct observation of the conditions in the magma column is impossible, ana-
logues with technical studies have typically been used to characterize the flow regime.
Laboratory experiments suggest specific mechanisms by which the gas pockets rise inside
the liquid phase [Jaupart and Vergniolle, 1988, Vergniolle and Jaupart, 1986, Seyfried
and Freundt, 2000, James et al., 2004, 2006, Spina et al., 2019|. Different flow regimes
display distinct statistical distributions of bubble size and eruption frequency [Barnea
and Shémer, 1989, Barnea and Taitel, 1993, Liu and Bankoff, 1993, Dukler and Fabre,
1994, Mudde, 2005|. Thus, comparing the statistical distribution of gas bursting events
at a volcano to the theoretical expectation might suggest or contradict a flow regime
inside the conduit.

Typically Strombolian explosions, i.e. gas bursts are accompanied by seismic events
[Neuberg et al., 1994, Ripepe et al., 2001, Chouet, 2003, Zobin, 2017a,b, Spina et al.,
2019, Ishii et al., 2019]. Therefore, seismology might provide alternative or additional
information about the flow regime to surface observations. However, similar waveforms
may occur without visible activity as well as bubble bursts without seismic expression
were observed, suggesting that this relation might be more complicated [Spina et al.,
2019].

Statistical analysis of the inter-event time distribution of seismic transients and their
magnitudes might be a more robust way of comparing seismic activity to theoretical flow
models. The main question is, whether seismic transients exhibit ‘random’ behaviour or
whether they repeat with certain preferred frequencies.

Previous investigations of inter-event times of volcanic events found some evidence for
periodicity Ripepe and Gordeev [1999], Ripepe et al. [2001, 2002|, Varley et al. [2006],
Martino et al. [2012], Taddeucci et al. [2013], Pering et al. [2015], Dominguez et al. [2016],
Bell et al. [2017, 2018], Pering et al. [2019a]. However, the validity of these results is
sometimes questionable because the events might not have been detected correctly. The
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incompleteness of seismic event catalogues towards low magnitudes is a well-known prob-
lem in tectonic seismology and a number of methods have been established to determine
the magnitude of completeness of a catalogue [Mignan and Woessner, 2012]. However,
most approaches assume that magnitudes follow the Gutenberg-Richter relation, which
is a power-law. While this is a well-established relation for tectonic earthquakes it might
be unsuited to magma dynamics in a volcano.

In this work, we characterize the occurrence of seismic transient events at Villarrica
volcano in terms of the statistical distribution of interevent times and magnitudes. Vil-
larrica is an active, basaltic to andesitic strato-volcano in Chile. Its central summit
crater hosts an active lava lake which is the source of persistent degassing and frequent
mild Strombolian explosion. The seismicity consists of a notorious tremor overlain by
transient events which are attributed to the explosions [Palma et al., 2008, Gurioli et al.,
2008]. We compiled a catalogue of these transients using an STA /LTA trigger from 12
days of continuous seismic records from two stations at the crater rim. We then applied a
Monte-Carlo simulation to estimate the detection limit of our seismic stations [Ringdal,
1975, von Seggern and Blandford, 1976]. Our method even allows estimating the true
distribution of magnitudes.

The paper is structured as follows: At first, we review some relevant aspects of gas flow
and volcanic activity. After introducing the volcano and the seismic network, we explain
the event detection process and the determination of magnitudes, which provides the data
base for our analysis. Next, we present how we estimated the magnitude completeness.
Subsequently, we analyze the magnitudes and interevent times of the complete part of
the event catalog. Finally, the results are discussed in comparison to studies at other
volcanoes and in the context of flow regime experiments.

5.2. Flow regimes and statistical distributions of bubble sizes

Laboratory experiments of vertical two-phase flow showed that the size distribution of
the gas bubbles depends on the flow regime [Barnea and Shémer, 1989, van Hout et al.,
1992, Barnea and Taitel, 1993, Dukler and Fabre, 1994, van Hout et al., 2001]. In these
experiments, small gas bubbles are released at the bottom of a liquid-filled pipe and their
velocity and size during their way to the top of the column is measured. Depending on
the gas flow rate and viscosity of the liquid different flow patterns arise.

We adopted the technical terminology in which the term “bubble” is used generically
for gas pockets of any size. A “slug” in contrast has approximately the same diameter as
the pipe and may be longer than wide in which case it is sometimes denoted as “Taylor
bubble”. Sometimes the liquid sections between the gas slugs are referred to as “liquid
slugs”.

Fig. 5.1 summarizes characteristics of the different flow regimes. Bubbles in bubbly
flow are quite similar in size resulting in a narrow unimodal distribution. Slug flow
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puffing explosion lava fountain

gas flow, liquid viscosity, pipe radius

Figure 5.1.: Flow regimes with associated distributions of bubble sizes and liquid
bridges as well as typical volcanic activity. Dark and light colors indicate liquid and
gaseous phase, respectively.



5.3. Event detection

exhibits a bimodal distribution. The peak at larger sizes represents the gas slugs while
the peak around smaller sizes originates from the small bubbles which trail in the wake
of the slug and are dispersed in the liquid [Barnea and Shémer, 1989]. The lengths of the
slugs (Taylor bubbles) and the liquid packages between them can both be modeled e.g.
by a log-normal distribution [van Hout et al., 1992, 2001]. At the transition to churn
flow, the distribution of liquid slug lengths becomes much more right-skewed [van Hout
et al., 1992| while the peaks of the gas slug size distribution merge into a broad, unimodal
distribution [Barnea and Shémer, 1989|. In annular flow, the gas flows continuously
through the annularly displaced liquid.

The transition from bubbly over slug to churn and finally annular flow occurs with
increasing viscosity of the liquid, higher superficial gas velocities (which is the volumetric
gas flux divided by the cross-sectional area of the pipe) and the pipe diameter [Barnea
and Shémer, 1989, van Hout et al., 1992, Ohnuki and Akimoto, 2000, Spina et al., 2019].

It is quite well-established that the different aspects of Strombolian activity are the
result of differently sized gas releases [Jaupart and Vergniolle, 1988, Ripepe and Gordeev,
1999, Seyfried and Freundt, 2000, Parfitt, 2004, Pering et al., 2017, Gaudin et al., 2017a,
Spina et al., 2019]. Puffing - the intermittent release of small amounts of gas - corresponds
to relatively small bubbles, while explosions are produced by larger slugs. Sustained lava
fountains are produced by temporary annular flow. While the dynamic and eruption
process of single gas bubbles are reasonably well understood, the connection between the
continual eruption process and the gas flow regime in the conduit is subject of current
research [Pioli et al., 2012, Pering and McGonigle, 2018, Spina et al., 2019, Ishii et al.,
2019|.

5.3. Event detection

5.3.1. STA/LTA network trigger

Transient events were detected using an short-term-average /long-term-average (STA /LTA)
trigger [Withers et al., 1998| on stations KRA1 and KRA3. Both stations needed to trig-
ger to declare an event (network coincidence trigger). The trigger function at each station
consisted of the ratio between a short-term and a long-term moving mean of the squared
amplitude. The ratio at each sample was computed from the LTA window terminating
and the STA window starting at that sample to ensure statistical independence between
the two windows.

The window lengths were chosen based on the recommendations by Amadej [2009]. The
STA window should be long enough to capture a few periods of the lowest frequency. We
chose 4s which yields two periods for the lowest frequency of 0.5 Hz. The LTA window
determines whether the trigger is more sensitive to emergent or sharp onsets. The longer
the LTA window the more sensitive is the trigger to emergent onsets. The seismicity
contained transient events with both a very sharp onset and short duration as well as
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longer lasting, emergent events. To capture this broad variety, we used multiple LTA
window lengths of 10, 12, 16, 24, 32, 48, 64s and combined the catalogs afterwards.
This was done by a modified algorithm of the network coincidence trigger in which each
LTA-catalog was treated as a station. We required a detection for at least 3 LTA window
sizes to include the event in the final catalog. A data sample demonstrating the different
catalogs is shown in Fig. S2. The trigger onset threshold was set to 2.0 and the detrigger
threshold to 1.0.

Six regional tectonic events, visibly affected the data of the network. Therefore, any
transient events occurring during these earthquakes were removed from the catalog. The
final catalog contained 23505 events.

5.3.2. Amplitude and magnitude

For the final catalog, peak-to-peak velocity amplitudes of the z-component were extracted
for each event at both stations. Magnitude scales in general link the amplitude, measured
at a station and the distance to the event to provide a station-independent measure of
the strength of an event. This is generally a linear relationship between the logarithm
of the observed maximum displacement amplitude log(A) and distance r of type My =
log(A) + alog(r) + br + ¢ (Havskov, 2010). Typically, the half peak-to-peak amplitude
APTP) i ysed. Note, that we used amplitudes of particle velocity as A®) rather than
displacement amplitudes. Factors a, b, ¢ are specific to each station and can be determined
by least-squares inversion. In our case, we assumed that the events all originated from
pretty much the same location, namely the lava lake [Lehr et al., 2019|. Therefore, the
distance-related terms could be omitted and a makeshift local magnitude was determined
as:

1
mj = log(iAZ(»ptp)) — ¢

We inverted: .
10g(§A§ptp)) =m;+¢

To keep the computational load at bay, m; and ¢ were determined from randomly se-
lected 1500 events. This was repeated 50 times. If an event was selected multiple times
the mean over all available values was taken as the "inverted magnitude". The site
parameters ¢ were determined from the mean over all runs. Eventually, we computed
the magnitudes of all events as the mean of the converted amplitudes over N stations:

m; =+ ZZN(log(Ag?tp) —¢;) with ¢; =-10.29 for station KRA1 and ¢; =-10.35 for KRA3.

5.4. Magnitude of completeness

No statistical analysis of event amplitudes is complete without knowing the magnitude
of completeness (MoC) of the catalog which is the lowest magnitude at which all events
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were detected. Many methods of determining the MoC work solely on the data in the
catalog and rely on the assumption of exponentially distributed magnitudes. However,
we preferred to not exclude other possibilities at this stage. Instead, we resolved to
a stochastic simulation of the STA/LTA trigger and the network trigger. The result
was corroborated by comparing the magnitude distribution (Gutenberg-Richter plots) of
events at different levels of background activity.

5.4.1. Monte-Carlo simulation of trigger

Ringdal [1975] and von Seggern and Blandford [1976] suggested to use a stochastic sim-
ulation in order to determine the detection capabilities of a network given the statistical
properties of the data and a magnitude distribution model. Many practical details are
explained in von Seggern [2004]. For this purpose, the stochastic properties of STA and
LTA and their relation between each other and to the magnitude of an event were de-
termined empirically from the real data. The STA/LTA trigger was then simulated by
creating random pairs of LTA and STA values for a random set of magnitudes for each
station. The network was simulated from a logic combination of the stations. The detec-
tion probability of any given magnitude resulted from the ratio of detected to simulated
events of that magnitude. In addition, we applied a logistic regression to determine the
detection curve.

This approach allows to represent relatively complicated networks and statistical pa-
rameters. Remember that we combined the catalogs of a series of LTA windows while
each catalog being the result of a physical 2-station network. For the simulation ex-
periment, we treated this situation as a network of virtual stations, that represent a
combination of a real station with an LTA window length.

LTA samples

A representative sample of the entire observation period is needed to derive a statistical
description of the LTA amplitudes (=‘noise level”). For each LTA window size, 5-min
long samples were extracted at the beginning of every hour from the LTA-processed data
(i.e. mean-squared amplitudes over the LTA window).

For each LTA window, the sample was approximately log-normally distributed, even
though we note that the Kolmogorov-Smirnov test for similarity failed. The log-normal
data model is however frequently used because it allows to incorporate the correlation
between stations and LTAs. Hence, the mean and standard deviation of the logarithmic
data were determined for each window size.

The event catalog was composed of events that were detected at different stations and
at different LTA window lengths, mimicking a network coincidence trigger. Obviously,
the noise level correlates between stations and also between the different average lengths,
which should be reflected in the simulation. The generation of correlated normal random
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variables is fairly easy and requires merely the correlation matrix between all involved
variables (Fig.B.4).

Let R be the matrix containing all pairwise correlations r;;. The correlated samples
Y can be generated using the transformation:

y=Ax

with 2 being an uncorrelated multivariate normal distribution and AA* = R. A can be
determined from the Cholesky decomposition of R.
For our log-normal data, the actual LTA values were then obtained by transforming

yi = exp(oizi + i)

STA samples

The magnitude of an event converts to an STA value at each of the stations. We found
that the magnitudes correlated approximately linear with the logarithmic maximum STA
value (a;j) at any given station during the event. Thus the magnitude determines the

observed STA as:
sta,max

ij =m;qi + b;

Detection curves

The detection capability of the network was tested on two different sets of simulated
events: one with an exponential and one with a uniform distribution of the magnitudes.
Each set consisted of 100000 events (Fig.5.2). For the determination of the threshold,
we applied a logistic regression to obtain a detection curve, that gives the probability of
detecting an event of magnitude m as:

_ 1
p(m) = 1 + e—(Bo+pim)

Using the definition of the odds O = 1%’, the inverse of the above equation gives the
magnitude at which a certain level of completeness is reached:

_ log(O(p)) = Po
A1

Each model was repeated 100 times resulting in a mean and standard deviation of
the logistic parameters as: By = 1.194 £ 0.010 and 81 = 5.532 £ 0.026 for the uniform
magnitude model and By = 1.197 4+ 0.013 and £; = 5.535 £ 0.025 for the exponential
model. Hence, on average the parameters are identical for both models. Using the values
of the exponential model, one obtains threshold magnitudes of m =0.181 and m =0.614
for 90% and 99% completeness of the catalog.

m(p)
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Figure 5.2.: Stochastic simulation of event detection using a uniform (left) and expo-
nential (right) distribution of simulated magnitudes. Top panels give histograms of all
simulated (orange) and detected (blue) magnitudes. Bottom panels show detection curves
(red) derived by logistic regression between detected and undetected events (black).
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Figure 5.3.: Magnitude-frequency distributions for events in sections of similar ampli-
tude. Top: The thick white line marks segments of constant RMS-amplitude (black)
found by Decision Tree Regression. Colored lines represent the clusters of similar ampli-
tudes. Bottom: Gutenberg-Richter plots of the magnitude-frequency relation for events
in sections of similar amplitude with more than 1000 events. Number of events is given
in legend. Colors correspond to those in top panel. Counts are normalized to the number
of events in m = [0.6,0.7]. Dotted lines indicate the threshold magnitudes from the MC
simulation. The distribution at the highest amplitude level (dark grey) branches off at
approximately the simulated 90%-completeness magnitude.
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5.4.2. Sections of similar amplitude

We also derived a magnitude of completeness directly from the catalog (Fig.5.3). To this
purpose, we identified sections of similar amplitude levels using the root-mean-square
amplitude in 60 s-intervals shifted by 30s. At first, a Decision Tree Regression (scikit-
learn) was used to find discrete sections of constant amplitude. The resulting finite set
of unique amplitudes was then further simplified by finding similar amplitudes using a
KMeans-algorithm.

5.5. Statistical analysis of event catalog

We investigated mainly two parameters of the event catalog for their statistical distribu-
tion: the magnitude of the events and the difference between the start times of the two
consecutive events - the interevent time.

The coefficient of variation is a measure of the dispersion of a distribution the standard
deviation of the data divided by its mean: C, = o/u. Applied to the interevent times, it
is a common measure in earthquake statistics to discriminate between a rather periodic
(Cy < 1) process, a rather clustered (C,, > 1) or a completely random one [Bottiglieri
et al., 2005, De Lauro et al., 2009, Martino et al., 2012, Bell et al., 2017|. The latter
is known as Poisson process. We computed Cy of the interevent time between events
within 12-h long, adjacent time frames. Using the same binning, we also counted the
number of events and computed the mean interevent time, the inverse of which is the
rate.

We first look at the occurrence of the parameters in time before we move to the analysis
of the statistical distribution of magnitudes and interevent times.

5.5.1. Time series

The time series are shown in Fig.5.4. The occurrence of higher magnitudes is reflected
in the RMS-amplitude at the crater stations (Fig.5.4f,g). The coefficient of variation
oscillates around 1 with a mean of 1.03 and a standard deviation of 0.17. Extreme values
occur solely in the clustered regime. High Cy are associated with interevent times close
to or larger than 2000s. Their occurrences are not associated with one of the removed
regional earthquake which could possibly limit event detection due to their coda.

The first two and last three days seem to have seen fewer events than the days in
between, resulting in larger interevent times toward the start and end of the observa-
tion period (Fig.5.4a,d,e). This is reflected in the slight changes in the slope of the
accumulated number of events (Fig.5.4). The Cy seems to be unaffected.

These changes might possibly indicate changes in the eruption process and non-stationarity
in the data.
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Figure 5.4.: Time series representation of magnitude, interevent time and related pa-
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Figure 5.5.: Frequency-magnitude distributions of detected transients. “survival” shows
the number of events with M > m against m and is the traditional representation in
earthquake statistics [Orfanogiannaki et al., 2010|. It corresponds to an empirical survival
function. “histogram” provides an approximation of the probability density function.

5.5.2. Magnitudes

The magnitudes of the transient events at Villarrica range from -1.5 to 2.0 (Fig.5.5).
The distribution resembles those of tectonic earthquakes with an almost horizontal part
towards small magnitudes, a linear slope towards higher magnitudes and the roll-off
where the two parts connect. For tectonic earthquakes, the roll-off and and flat part
result from the incompleteness of the catalog at low magnitudes. The slope of the linear
part corresponds to the actual exponential distribution of the magnitudes (Gutenberg-
Richter law, [Gutenberg and Richter, 1956]) and in fact continues at small magnitudes.
The completeness threshold of the catalog lies at higher magnitudes than the roll-off
and beyond the mode, respectively. Hence, for the complete catalog, the magnitudes
are exponentially distributed. The catalog contains 5697 events above m = 0.181 (90%
completeness) and 643 events above m = 0.615 (99% completeness). The histogram
indicates a unimodal distribution, reflecting the lack of events at small magnitudes and
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fewer events at high magnitudes.

Discarding the exponential model

The complete part of the catalog suggests an exponential distribution of magnitudes. We
tested this hypothesis by deriving the exponential distribution that fits the complete part
of the catalog and using it in the detection simulator to see whether the decline in detected
events could be reproduced. If the exponential distribution continued at low magnitudes,
the simulated detected events should correspond to the observed distribution. The rate
of the exponential distribution was determined using the maximum-likelihood estimate
1/A = % X2 (m — mg) =5.507 with my =0.615 being the completeness magnitude and
N being the number of events with m >= myq. Since the number of events that needed
to be simulated to match the observed complete part was too large to be run at once,
the simulation was run repeatedly until the number of simulated events with m > M
was larger than that of the observed ones. The simulation clearly detected more events
than were observed (Fig.5.6) suggesting that the true magnitude-frequency distribution
of the transients tends to smaller values at the low magnitude end than the exponential
Gutenberg-Richter distribution.

Deriving a magnitude model

The detection curve h(z) = 1/(1+ exp(—kx —x¢)) tells us how many events were missed
at any given magnitude by the automatic detection method. Hence, we can use is also
to estimate the true distribution of magnitudes based on the model of the observed
magnitudes meps () as Meppye(x) = Mops() /().

To find the latter, a log-normal, log-logistic, generalized-gamma, gamma, normal and
Weibull distribution were fitted to the observed magnitude distribution using maximum-
likelihood estimation (using scipy.stats). The quality of the models was assessed using the
Akaike Information Criterium (AIC, Akaike [1974]), which gives the relative goodness-
of-fit, and the Kolmogorov-Smirnov-Test (KS-Test), which provides an absolute fit. The
KS-test tests for the null-hypothesis that two samples come from the same distribution.

The best model was clearly the log-logistic distribution

—B6-1 -8
Bz (1—|—£ )72 with z=2'—x9, 2/>0

fla(ao). 50) = .
with shape § = 35.552054, scale o =6.120555 and location x¢p = —6.142437. It yielded
the lowest AIC and was the only model which yielded a p-value above 0.1 (0.42) in the

KS-Test, thus did not reject the null hypothesis (Fig. S8, Table S3).
The combination of the log-logistic distribution function and the detection curve gives:
Sx)P-

q(z) = W(l + exp(—kx — z0))
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a,b) Events with exponentially distributed magnitudes derived from the

complete catalog. ¢,d) Magnitudes distributed according to “true” model (Eq.5.1).
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Figure 5.7.: Comparison of cumulative magnitude distributions of observed events dur-
ing high (orange) and low (blue) noise level (sections of similar amplitude) and simulated
detections from an exponential (solid dark gray) and “true” (solid light gray) distributions.
The input distributions to the simulations are shown as dashed lines. The distributions
are vertically aligned to a common count at m=0.6

This function still needs to be normalized in order to serve as a probability density
function. Since the integral could not be found analytically, we integrated the function
numerically within the interval [—2,2] and divide by the found value n = 2.806. So the
probability density of the "true" magnitude distribution is given as:

g(g)ﬁ—l

[0}

Fl#) = ~q(x) = 0.356 (1 + exp(—ka — 20)) (5.1)
Running the detection simulation with this distribution resulted in the observed dis-
tribution (Fig.5.6).
As shown in Fig. 5.7 the magnitude distribution of events observed during low noise
levels continues the one of simulated detections from the “true” distribution much better
than the one from the exponential model. In addition, the magnitude distribution of
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low-noise events is identical to the “true” distribution down to magnitudes well below
0. Since the determination of sections of similar amplitude was independent from the
MC-simulation, we see this as a confirmation that the simulation provides adequate
information on the detection capabilities of low magnitude events.

Since the definition of “true” distribution in Eq. 5.1 is somewhat artificial, we fitted a
variety of standard models to the simulated magnitudes and assessed their relative fit
using the AIC. The KS-Test always rejected the null-hypothesis of similarity which is
however little surprising given the high number of samples and the fact that they were
derived from a different pdf. The Weibull distribution performs best followed by the
Gumbel and Gompertz distribution. The Gumbel distribution of magnitudes is inter-
esting inasmuch as it indicates an exponential distribution of amplitudes. The Weibull
distribution is part of Eq.5.1 if k = £, and given its success in the fitting may be the domi-
nating term. Interestingly, the log-logistic distribution performed worst. The generalized
gamma, normal and inverse Gaussian were mediocre.

5.5.3. Interevent times
Dependence on threshold magnitude

At first, we show the distributions of interevent times between events of magnitudes
above the 90%- and 99%-completeness threshold found by the MC simulation. The 90%-
completeness provides a more robust estimate due to the almost tenfold number of events.
We used the data from the entire period of observation hence assuming stationarity. We
regard this as justified due to the rather gentle changes in the time series, notably in the
cumulative event count. For better comparison of the distributions, the interevent time is
normalized by its mean. For the (almost) complete part of the catalog, the distributions
are strongly left-skewed with a mode close to 0. For the higher threshold magnitude the
mode shifts closer to 0. The right tail is well represented by an exponential distribution.
Hence, the occurrence of events in time is approximately a Poisson process which is
corroborated by the mean coefficient of variation of ~1.

To demonstrate how strongly the interevent time distribution depends on the com-
pleteness of the catalog, we also plotted the distribution for the entire catalog (i.e. all
detected events). It clearly has a mode > 0, indicating a preferred and thus more regular
recurrence time.

Dependence on time

The time series of total event count, mean interevent time and occurrence rate suggests
changes in the process after 1.5 days (2012-03-02T12:00) and after 9 days (around 2012-
03-11T00:00), albeit very subtle ones (dashed lines in Fig.5.4). The interevent time
distributions of events with m>0.181 within these three time segments are quite different
(Fig. 5.8 bottom). Especially the center part exhibits a clearly unimodal distribution with
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Figure 5.8.: a) Distributions of interevent times between events at different threshold
magnitudes. The gray curve comprises the entire catalog while the blue and orange
curves only comprise events with magnitudes larger than the simulated 90%- and 99%-
completeness threshold. Table gives group size, mean, median and mode. b) Same as a)
but interevent times are normalized by theirs means for better comparison. A standard
exponential distribution (solid black line) is given for orientation. ¢) Distributions of
normalized interevent times for events with m >0.181 (90%-completeness) within time
segments indicated in Fig. 5.4 (dashed lines). All histograms are normalized to represent
probability density.
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a steep decrease towards 0. A smaller bin width indicates such a decrease also for the
last segment but leads to an otherwise very bumpy histogram. For the interevent times
of the early segment, no such decline towards 0 could be revealed by different binning.

Interevent time models

In order to find a model for the occurrence of events in time, we fitted different prob-
ability density functions to the interevent time distributions of events above the 90%-
completeness magnitude. Fitting of parameters and model selection was done in the
same way as for the magnitudes (see section 5.5.2) except that the location parameter
was fixed to 0. We tested the log-normal, log-logistic, generalized-gamma, gamma, nor-
mal, Weibull and exponential distribution on the data of the whole period as well as the
sub-periods analyzed earlier.

The log-normal distribution yielded the lowest AIC (best relative fit) for all sub-periods
but the first one. The latter was better fit by a generalized gamma (GG) distribution
although followed by a log-normal distribution. For the other three data sets, the GG
distribution scored second on the AIC. Based on the p-values of the KS-test and using a
significance level of 1%, for the entire period all models had to be rejected, for the first
sub-period all models were acceptable, for the second sub-period only the log-normal
model was just not rejected and for the last period the log-normal, log-logistic and
generalized gamma model were not rejected.

It is noteworthy though that also the GG-model of the first sub-period declines towards
0 and that therefore all models indicate a preferred recurrence time. This suggests a slight
periodicity in the temporal occurrence of the transients.

5.5.4. Interdependence of magnitude and interevent times

To illuminate the relationship between the magnitudes of consecutive events and the in-
terevent time between them, we computed 2D-histograms of the corresponding pairings
of variables (Fig. 5.9). We used the data from all detected events because we think that it
gives a more realistic representation of the relationships between adjacent events despite
the uneven detection probability. If a high threshold magnitude is selected, interjacent
smaller events are almost certainly missed, which leads to clearly false interevent times.
Using the entire data increases the chance to analyse intact sequences of events. Never-
theless, the following results are possibly affected by the decreasing detection rate toward
lower magnitudes.

The magnitudes of two consecutive events were uncorrelated. Similarly, no correlation
was found between the interevent time and the magnitude of the event after the repose
interval. In contrast, the magnitude appears to be correlated to the logarithm of the
subsequent interevent time, although the correlation coefficient is only =0.3.
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2012-03-02T00:00:00 - 2012-03-14T00:00:00

AIC KS pval loc scale shape 0 shape 1
lognorm 34811.5 7.67e-04 0.0 115.50 0.94 -
fisk 34912.7  2.64e-05 0.0 113.70 1.83 -
gengamma, 34886.9 5.11e-08 0.0 0.06 11.15 0.31
gamma 35265.1  3.84e-33 0.0 146.70 1.24 -
weibull 35329.4  9.24e-26 0.0 186.15 1.05 -
expon 35342.5 1.79¢-37 0.0 181.95 - -
2012-03-02T00:00:00 - 2012-03-03T12:00:00

AIC KS pval loc scale shape 0 shape 1
lognorm 2648.8  2.23e-01 0.0 204.44 1.04 -
fisk 2655.3  2.72¢-01 0.0 211.40 1.67 -
gengamma  2646.0 6.90e-01 0.0 0.60 8.11 0.35
gamma 2655.8 1.73e-01 0.0 281.53 1.18 -
weibull 2657.9  2.04e-01 0.0 338.96 1.06 -
expon 2658.9 1.78e-01 0.0 331.07 - -
2012-03-03T12:00:00 - 2012-03-11T00:00:00

AIC KS_pval loc scale shape 0 shape 1
lognorm 25570.5 1.00e-02 0.0 101.27 0.88 -
fisk 25645.4  9.98e-04 0.0 100.04 1.96 -
gengamma 25614.4  3.61e-05 0.0 0.04 12.81 0.32
gamma 25852.5 1.75e-23 0.0 105.32 1.42 -
weibull 25937.2  3.36e-18 0.0 157.82 1.14 -
expon 26000.8  3.22e-43 0.0 149.75 - -
2012-03-11T00:00:00 - 2012-03-14T00:00:00

AIC KS pval loc scale shape 0 shape 1
lognorm 6381.6  2.00e-01 0.0 164.17 1.00 -
fisk 6402.8 6.19¢-02 0.0 165.30 1.71 -
gengamma  6385.3 4.31e-01 0.0 0.07 11.06 0.30
gamma 6431.2  5.68¢-04 0.0 223.13 1.19 -
weibull 6438.1 1.88e-03 0.0 269.75 1.04 -
expon 6439.7 1.18¢-04 0.0 264.65 - -

Table 5.1.: Tested distributions as interevent time models for entire observation period
(top) and the three sub-periods. The last for columns give the parameters of the pdf
determined by MLE. The first two columns give the criteria for model selection. A lower
Akaike Information Criterium (AIC) indicates a better relative fit. Models yielding the
lowest AIC are highlighted. If the p-value of the KS-test is above a chosen significance
level, e.g. 0.01 the data and the model can be considered as similar.
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5.6. Discussion

We investigated frequency distributions of magnitudes and interevent times for transient
seismic events at Villarrica which are commonly attributed to Strombolian explosions.
Based on the statistical properties of the seismic noise, we derived a detection curve
for our network which indicates the probability to detect a given magnitude and the
magnitude of completeness for our event catalog. Additionally, we could reconstruct a
possible distribution of magnitudes which we refer to as the “true” distribution. In the
following, we compare the distributions to tectonic earthquakes and to results from other
volcanoes. We discuss possible implications for the flow regime, assuming that the events
reflect slugs or bubbles of gas in the magma column.

5.6.1. Magnitudes

The distributions of the magnitudes and the interevent times are clearly unimodal,
which sets these events apart from normal shear fracture earthquakes. Even though
the magnitude-frequency relation seems to be exponential for larger magnitudes, we
could demonstrate that the occurrence of small magnitudes decreases again, given their
observed frequency and their detection probability in our network. In other words, the
Gutenberg-Richter law [Gutenberg and Richter, 1956] does not apply here. The GR-law
predicts a power-law distribution of seismic amplitudes and therefore an exponential dis-
tribution for the whole range of magnitudes with magnitudes being proportional to the
logarithm of the amplitude.

Deviations from the GR-law were already observed for Strombolian activity in other
basaltic systems [Cauchie et al., 2015, Nishimura et al., 2016, Pering et al., 2015].
Nishimura et al. [2016] proposed an exponential decay of amplitudes (not magnitudes!)
based on seismic data. If the amplitudes were exponentially distributed, the magnitudes
would follow a Gumbel distribution which was among the better performing models for
the simulated “true” distribution. Therefore, we do not want to exclude the possibility
of exponentially distributed amplitudes.

However many other studies suggest a rather unimodal (that is having a mode and
a decline towards low sizes) distribution of volcanic explosion sizes measured as seismic
amplitude, energy, gas mass or jet height [Martino et al., 2012, Zobin, 2017a, Cauchie
et al., 2015, Pering et al., 2015, Taddeucci et al., 2013, Tamburello et al., 2012|. In those
cases in which the distributions were fitted by probability density functions, log-normal
[Martino et al., 2012| or Weibull [Taddeucci et al., 2013] distributions were found.

5.6.2. Interevent times

Unlike the magnitudes, the interevent times between undetected events can not easily be
reconstructed from the detection curve. Therefore, we discuss the interevent times be-
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tween the events in the 90%-complete catalog. Their occurrence in time is best described
by a log-normal distribution. This result discards in particular the simple Poisson pro-
cess model which is defined by exponentially distributed interevent times and represents
a completely random occurrence. The unimodal shape of the log-normal distribution
suggests a preferred recurrence time of the events. Although, if only very large events
were taken into account, the distribution of interevent times might become exponential.

A generally non-Poissonian occurrence of explosions was already noted for Strombolian
and Vulcanian activity at other volcanoes. Varley et al. [2006] found distributions of
monotonically decaying as well as unimodal shape, although eruption sequences classified
as Strombolian only showed the latter. Dominguez et al. [2016] on the other hand found
only unimodal shapes for both types of activity, which were all reasonably well fitted
by log-logistic distributions. Other studies proposed Weibull [Cauchie et al., 2015] or
Gamma [Bell et al., 2017 distributions. Preferred recurrence times of Strombolian events
were not only found in seismic data but also using thermal or SOy imaging techniques
or infrasound [Gaudin et al., 2017b, Harris and Ripepe, 2007, Pering et al., 2015, Ripepe
et al., 2002, Taddeucci et al., 2013].

While most studies of explosion sequences used relatively short periods of observations
(especially those relying on video footage comprise only a few hours at most), Martino
et al. [2012] presented interevent time distributions of three 0.5-1 year long sequences from
Stromboli. They found periodic recurrence of explosions only during the comparatively
short periods of increased activity while quiet periods showed nearly Poissonian behavior.
In this regard, we note, that our data stems from a relatively short period of observation
during which the volcano was considered very active by the local monitoring agency
OVDAS. Obviously only an investigation of a longer time period could reveal a possibly
different behavior during quieter periods.

The mean interevent times in the 90%-complete catalog were between 100s and 400 s.
Even for the unfiltered catalog, the mean time between events was around 40s. In con-
trast, observations of bubble bursting activity by camera on basaltic systems (Stromboli,
Etna) revealed median interevent times of less than 10s [Dominguez et al., 2016, Pering
et al., 2015]. For Villarrica, Gurioli et al. [2008| reported an average spacing of 6-7s be-
tween all types of degassing events. The average time between more violent events (which
involves mass ejection) is around 18s. At Masaya Volcano, Pering et al. [2019b] counted
5-25 bubbles within 5s at the surface of the lava lake. Using only seismic observations,
it is difficult, or even impossible to achieve such a detailed resolution because the noise
level inhibits the detection of small events, an extended coda masks the following event
and simultaneous occurring events simply appear as a single waveform. Nevertheless, we
want to point out, that the number of simulated “true” events (based on the magnitude
distribution) yields a mean spacing of 13.5s which is in the range of the values reported
by Gurioli et al. [2008].
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5.6.3. Interdependence

Our results on the relationship between magnitudes and interevent times resemble the
findings by Pering et al. [2015] for degassing events at Mt. Etna. They found a linear
correlation between the logarithms of erupted slug mass and time to the next event but
no correlation between mass and time to the preceding event. Video footage of slug trains
in subsequent lab experiments by Pering et al. [2017| suggest that this “repose gap” forms
because of coalescence of closely spaced slugs. During coalescence, the trailing slug is
accelerated toward the leading one, resulting in a larger slug with a larger gap towards
the following slug.

5.6.4. Flow regime

In terms of flow regimes, the magnitude of events corresponds to the size of the slugs, i.e.
notably their length. With V = CL being the volume of a slug with cross-sectional area
C and length L, from the seismic amplitude A « V one obtains M  logA x logV =
log(CL) for the magnitude. The interevent time is proportional to the length of the
liquid bridge between the gaseous slugs. The distributions of magnitudes and interevent
times both display a relatively concise peak. The distribution of interevent times is
approximately log-normal similar to the distribution of the liquid bridge lengths in slug
flow. The estimated “true” distribution of magnitudes may be interpreted as normal in
which case slug lengths would be log-normally distributed. Arguing that the population
of smaller bubble sizes in slug flow can not be resolved seismically, the observed and
estimated magnitudes could correspond to the size distributions of the gaseous slugs in
slug flow.

In the light of the experiments by Pering et al. [2017] on the ascent of slug trains, the
(albeit weak) correlation between preceding magnitude and interevent time may be seen
as further evidence of a sustained slug flow regime. The sustained flow is in contrast
with the models of formation and ascent of single slugs, which do not interact with each
other. We speculate that in this case the occurrence of slugs would be random rather
than slightly periodic.

A differentiation from bubble or churn flow based on qualitative comparison of size-
frequency distributions alone is difficult. Transition criteria are commonly defined by
the volumetric gas flow rate or superficial gas velocity which however are unknown in
our case. We argue though that the size of bubbles in bubbly flow is probably too
small and their number to high to produce distinct seismic signals. Instead, it might
produce a tremor-like signal [Mudde, 2005, Ripepe et al., 2010]. Churn flow on the other
hand indicates a more unstable and turbulent system which perhaps better reflects the
vigorous, boiling appearance of the lava lake surface. If it is still reasonably close to slug
flow, the interevent time and magnitude distributions are probably indistinguishable from
slug flow.
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A strict comparison with the distributions from the flow experiments requires that each
slug produces exactly one event only. Field observations and lab experiments however
suggest that seismic events may be generated by bursting of a slug at the surface or
deeper inside the conduit [Spina et al., 2019]. The former additionally generates an
acoustic signal while the latter does not, leading to a higher number of seismic than
acoustic events. Hence, one slug possibly causes multiple seismic signals.

In this context, we envision one particular scenario for Villarrica in which one slug
could produce multiple seismic events. The difference between the diameter of ~12m,
calculated for the lower conduit from degassing rates [Palma et al., 2011] and the width
of the upper lake reservoir of 20-30 m [Moussallam et al., 2016] requires a substantial
widening of the conduit somewhere. Richardson and Waite [2013] interpreted the source
force of a frequent, repetitive transient waveform as a drag force at the nearly horizontal
lake bottom and depicted a step-like termination of the conduit to the lake reservoir.
James et al. [2006] showed in lab experiments that the passage of a slug through a tube
widening leads to pressure and displacement signals which bear strong resemblance with
the transient waveforms found at Villarrica. Larger slugs may break up into two or more
daughter bubbles, each of which could produce an additional signal when finally bursting
at the free magma surface. The reported mismatches between visible bubble bursting
and seismic/acoustic signals [Gurioli et al., 2008, Goto and Johnson, 2011, Ripepe et al.,
2010] at Villarrica at least suggests that the relation between single slugs and seismic
events is not straightforward. However a better knowledge about the source mechanisms
and origin depths of the events would be required to further explore this aspect and refine
the frequency distributions.

We see potential that the statistical analysis of the occurrence of seismic events can help
in monitoring the flow regime in volcanic conduits over longer time periods. Valuable
complementary information could be gained by adding infrasound and degassing rate
monitoring. However, clearly more experimental data on the relation between gas flow
regime and seismic and acoustic signals is needed to provide a solid reference for the
identification of flow patterns.

5.7. Conclusion

We investigated the statistical distributions of magnitudes and interevent times of tran-
sient seismic events from the lava lake of Villarrica Volcano which are commonly associ-
ated with Strombolian activity. By taking into account the detection limits of our seismic
network we could demonstrate that the amplitudes do not follow the power-law of tec-
tonic earthquakes. Instead the distribution of magnitudes declined again towards small
values. The distribution of interevent times was strongly influenced by the selection of
the threshold magnitudes with means of 44 s and 182s for all detected events and those
above the 90%-completeness magnitude, respectively. The corresponding modes were
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5. Magnitudes & interevent times of transients

32s and 115s. In any case the distributions were approximately log-normal, suggesting a
preferred recurrence time, i.e. a weak periodicity. The time between two events appeared
to correlate with the magnitude of the first event. Based on comparison with analogous
gas flow experiments, we tentatively concluded that the flow regime in the conduit of
Villarrica is slug flow.

Further corroboration for this hypothesis could be gained from 1) the superficial gas
velocities or volumetric gas flow rate in the conduit and 2) better knowledge of the origin
depth and nature of the seismic events, which are currently however unavailable.
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6. Waveform families of transient events

This chapter is a first draft for a scientific article.

Main results / conclusions:

e For the transient events, at least 67 families of similar waveforms could be
identified, the two largest having several thousand members.

e Similar relative travel times suggest a similar source region of all families

e Preliminary attempts to locate the source by fiting the decay of amplitude
suggest a source at or near the crater.

Abstract

Volcanic seismic events, that are related to fluid-dynamic processes, are often the
result of a non-destructive source. As a consequence, waveforms can be very similar.
From a catalog of >20000 transient events, 67 templates were generated through a
cluster analysis of the largest 132 events (M>0.9) in a frequency range of 0.45 to
2 Hz. For almost all templates, more than one instance of the waveform was found
by matched filter detection. The two by far largest families comprised ~2500 and
> 7000 events, respectively.

Composite waveforms for most stations were generated by stacking the 50 events
with the highest similarity to the template. Near the source, the waveforms of the
two largest families resembled a Ricker wavelet, while most other families showed
more complex waveforms. All families developed much more complex, elongated
waveforms within ~1 km of the first station.

Because of the stacking, the onsets of the waveforms became much clearer even
at distant stations. By cross-correlation, relative travel times between the stations
were found to be very similar for all families, suggesting a similar source region. This
analysis also indicated regions of higher and lower wave propagation velocities.

The composite waveforms were located by fitting the spatial decay of amplitudes.
However, relatively large uncertainties and discrepancies between the observed rela-
tive travel times and those for the obtained locations impeded a reliable determina-
tion of the source locations.
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6. Waveform families of transient events

6.1. Introduction

It is quite common at volcanoes that seismic waveforms occur repeatedly over time
[Chouet, 2003, Green and Neuberg, 2006, Waite et al., 2008, Matoza and Chouet, 2010,
Cauchie et al., 2015, Bell et al., 2017]. This is usually interpreted as the result of a non-
destructive source [Chouet, 1996, Chouet and Matoza, 2013|. Therefore it is particularly
common in the group of LP events which are thought to result from interaction of volcanic
fluids and the plumbing system. Determination of the location and source mechanism
can thus help to identify key elements of the volcanic system.

Repeating instances of an event can be stacked together to emphasize the actual wave-
form [Waite et al., 2008, Richardson and Waite, 2013|. This is particularly useful for weak
events in a noisy environment as the noise is eliminated during the stacking through de-
structive interference.

Richardson and Waite [2013] already showed the presence of a very persistent event
family at Villarrica which produced stable waveforms over the course of three years. After
stacking these waveforms into a composite event, they were able to apply a moment tensor
inversion to the event. The abundance and variety of events found in Chapter 5 however
suggests that there could be more families than the one found by Richardson and Waite
[2013]. Identifying additional families could facilitate the analysis of the signals and help
to shed light on the cause and nature of the transients and hence the processes inside
the volcano.

This chapter explains how a number of waveform families could be identified from
cluster analysis on the event catalog obtained in Chapter5 and subsequent template
matching. The detection process is explained in the following section. Subsequently, the
amplitude decay location method from Chapter 4 is applied to the composite events.

6.2. Ildentification of waveform families

6.2.1. Cluster analysis

A common way to find waveform families consists of computing cross-correlations between
all events in a catalog and running a clustering algorithm on the matrix of correlation
coefficients. Here, the event catalog obtained in Chapter5 served as basis. However,
due to the large number of events, correlating all events with each other was not feasible.
Therefore, only events with a magnitude >0.9 were selected. To ensure that the waveform
characteristics of a template were stable throughout the network 9 station were included:
ACV1, AVW3, AVW4, KRA1, KRA3, RIN2, RIN6, VS01, VS21. Of the 134 events
with magnitude >0.9, 132 were recorded by all selected stations, thus were used in the
template generation. The similarity between two events was determined as follows:

1. Cross-correlation functions (CCF) were computed between corresponding stations.
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Figure 6.1.: Waveforms selected for template creation. Each panel shows the waveforms
at the indicated station. Waveforms within a row (having the same color) correspond
to the same event. Time axis are relative to the starttime t; ; at each station (see text
for details) which is aligned to the maximum at KRA1. For clarity only every second
station and event is shown.
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Figure 6.2.: a) Matrix of correlation coefficients between events. Values are the ab-
solute maximum of the cross-correlation function between two events, averaged over

corresponding stations. b): Histogram of pairwise correlation coefficients (lower triangle
in matrix in a).
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6.2. Identification of waveform families

2. A mean CCF was computed by summing the CCFs from all stations and dividing
by the number of stations

3. The position and value of the absolute maximum of the mean CCF gave the time
lag and measure of similarity

The waveforms were first selected based on the trigger times in the catalog. Note
that the trigger times were determined using only the stations KRA1 and KRA3. The
waveforms were then aligned to the maximum at the earliest station KRA1 (Fig.6.1)
by adjusting the start time to 3s before the maximum at station KRA1 within the
time window in the catalog (T 0 = tilmaz — 3). Travel time differences between the
stations were compensated using At; = r;/v with r; being the distance between the
(supposed) source location at the summit crater (71.94°W, 39.419°S, 2692,m a.s.l) and
the station. The velocity v was set to 1000,m/s. Hence waveforms were cut at each
station to ¢; ; = T; o0 + At;. The samples were 10s long at each station. In order to
reduce the computational load, the data were downsampled from 50Hz to 10 Hz and
filtered between 0.45 and 2.0 Hz.

The maximum absolute mean correlation coefficients (CC) between events ranged be-
tween 0.0 and 0.6 (Fig.6.2). Clusters of similar events were determined in two stages
|Green and Neuberg, 2006, Bell et al., 2017|. At first, individual events were grouped
into families by [Bell et al., 2017]:

1. select event with the highest CC > thr;

2. Assign all events that have CC > thr; with this event to the family and remove
from matrix

3. Define new families by repeating these steps until all remaining CC < thr

The second stage involves a family coalescence during which the families were tested
for similarity. To this end, average waveforms were computed from the members of each
family. These were clustered again using the steps described above, but with a higher
threshold thry. If the threshold was exceeded, the individual events were reassigned into
one family, hence reducing the total number of families (Fig.6.3). The thresholds were
set to thry =0.4 and thry =0.5. The chosen values were a trade-off between a comparably
high CCs, a number of families around 10 and most families consisting of more than two
events.

The chosen CC values are very low compared to other studies. This is likely because
here multiple stations were used rather than only one. Tentative use of only one station
in the cross-correlation yielded much higher CCs. Using only a single station also allows
to better tailor the waveform to the relevant part, and hence increase the quality of
the correlation. Despite the low CCs, the quality of the waveform families was found
acceptable (Fig.6.4). The outcome of the clustering process was quite sensitive to the
selection of the thresholds.
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Figure 6.3.: Family sizes after the two stages of the clustering process. Family 0 con-
tains all events that were not well correlated with any other event.
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Figure 6.4.: Members of the two largest families 1 and 2, shifted according to correlation
with a reference event in the family. Lag times between stations are not included here.
The average waveform is shown as a dotted black line.
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6. Waveform families of transient events

6.2.2. Template matching

The stacked waveforms of each family as well as the remaining individual events were
used as templates in a matched filter detection algorithm (Python API EQCorrscan
[Chamberlain et al., 2017]). Here, the template is cross-correlated with the continuous
data. If the CC exceeds a given threshold, an instance of the template is registered.
Similarly to the previous template creation, an average cross-correlation function over all
stations is used. If multiple templates exceed the trigger threshold within a given time
window, the one with the highest CC is selected. The threshold was set to 0.35 and the
time window in which no overlapping templates were allowed was set to 10s. In total,
23306 events were detected in this way. Most of the repeaters belonged to one of eleven
families found during the clustering (Fig.6.5) with Families 0 and 1 getting by far the
most matches. Despite the low threshold for the correlation coefficient, the waveforms
within a family clearly share common features at each station (Fig.6.6). The similarity
between family members also applies to stations that were not included in the matched
filter detection (Fig.6.7).
In summary, the following processing steps were performed:

1. Select events from STALTA catalog with M >0.9 for which all stations have data

2. Extract their waveforms such that we have 15s long samples centered around the
maximum within the nominal duration +2s of the event

3. Compute pairwise CC between corresponding stations. Use average cross-correlation
function over all stations to determine absolute maximum CC

4. Cluster this matrix and compute family stacks using thr; =0.35

5. Coalesce the families, i.e. cluster them again with thro = 0.5; if some stacks
correlate better now their events are merged into one family.

6. The family stacks and the solitary events (family id=0) are used as templates.
7. Run matched filter detection on the whole data stream.

8. Decluster the detections such that a minimum distance of 10s is maintained.

6.3. Centroid waveforms of families

For each event and station, centroid waveforms were computed from the members de-
tected by the template matching. To this purpose, the members of each family were
sorted by their correlation coefficient with the template. A composite stack was com-
puted from the best 50 members. In families with less than 50 members, all members
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Figure 6.5.: Number of repeating events by family. The first 11 families correspond to
the stacked waveforms of the families found by clustering. The other templates were
individual events. For some of them no repeaters were found.
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Figure 6.6.: Members of first 4 largest families detected by matched filtering (grey) and
corresponding template (black) at selected stations. Waveforms were cut to 2s before
the onset + lag time At; and 10s after the end of the template. Only waveforms of
events with an average CC> 0.45 (number given above each panel) are shown. See main

text for computation of lag times. Waveforms are normalized to RMS-amplitude
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6.3. Centroid waveforms of families

Figure 6.7.: Waveforms of Family 0 with average CC>0.5 including stations that were
not used in the template matching. In addition, here the original data at sampling rate
of 50 Hz is shown.
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contributed to the stacked waveform. Here, the “normal” data, which was sampled at
50 Hz was used.

The majority of the stations did not operate during the entire time period to which
the matched filter detection was applied. This means, not all of the family members
were recorded by all stations. Hence, the number of events contributing to the stacked
waveform of a station varies within the family with 50 being the maximum number.

6.4. Analysis of individual families

The families were investigated in terms of their spectral content and their source location.

6.4.1. Spectral properties and waveforms

Power spectral densities were computed using Welchs’s method (Implementation of Python
API Scipy [Virtanen et al., 2020| after Welch [1967|, Bartelett [1950]). Spectrograms were
computed using Fourier transforms in overlapping time windows. The waveforms were
cut to 25s-long windows. The start time at each station was computed using a homoge-
neous velocity of 1300 m/s and line-of-sight distances between a source in the crater and
the stations. The selected stations were located at increasing distance to the crater in a
northward direction (blue stations in Fig.3.1).

6.4.2. Lag between stations

Differences in arrival times between stations could indicate a different source location.
Therefore, for each family j, the time difference At;; between the i-th station and KRA1
was determined using cross-correlations of 5s-long windows around the onsets. The
position of the window for each station and family was determined as follows: 1) The
crude onsets of Family 01 were picked manually to obtain a set of absolute pick times
tipick- 2) For each family, the data of KRAI were correlated with those from Family
01 to determine the start of each family relative to Family 01 (Atxra1,;). 3) For each
family, the manual picks were used, positioned according to this time shift (t;j = t; pick +
Atgratj. The eventual start time resulted in t;; = ¢; picr + At g ra1; + Aty;.

The cross-correlation function was computed for a shift of £0.8s. This relatively small
window precludes substantial shifts in arrival times and therefore source positions. In
other words, the source location was assumed to be relatively similar for all families.
Visual control of the aligned waveforms of randomly selected families suggested, that
this assumption was justified. When larger shifts were allowed, the lag times were more
scattered, resulting in poor alignment of the waveforms. In particular, neighboring sta-
tions showed implausible differences in their arrival times. The positive maximum of
the cross-correlation function was used to determine the lag, meaning that the polarity
was assumed to be the same at all stations. Similar polarities would be found e.g. for
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volumetric source such as explosions. This assumption would be false if the source mech-
anism was predominantly a double-couple, which represent the shear failures of normal
tectonic events. The data were filtered between 0.5 and 1.0 Hz for this step.

At each station a histogram of the obtained lag times was computed, weighted by the
coefficient of correlation, the modes of which yielded an average lag time curve.

6.4.3. Source location

A major goal of the analysis of the families was to locate the origin of the transients and
most importantly determine their source depth if possible. To this end, the grid search
for the best fit of the amplitude decay with distance (amplitude source location method,
ASL) from Chapter4 was used. In detail, the approach had to be slightly adapted,
since here finite waveforms were targeted rather than the quasi-stationary, continual
tremor. The energy of the waveforms was computed between the onset (determined by
the cross-correlation approach described above) and the time at which the envelope of
the amplitude fell below 1/e of its maximum. The energy was calculated by integrating
over the squared amplitude and corrected by the site factors determined in Chapter 4.

Surface waves were assumed for the decay of energy with distance. Therefore, only a
2D search grid for the lateral position was used. The grid was a 2km x 2 km-square at
100 m intervals, draped over the topography and centered to the crater. The grid point,
that yielded the lowest RMS-error was selected as source location of the family. The
occurrence of locations over all families was assessed by computing a 2D-histogram of
the results using the grid points as bins.

In addition, an energy decay for body waves was tested using the energy in the first
2.6s after the onset. In this case, the search grid was extended to 3D to include the
vertical source position. The depth was also sampled at 100 m intervals between 2800
and 1800 m above sea level (a.s.l.).

In order to examine the uncertainty of the locations, statistical Bootstrapping [Efron,
1979] was performed for Families 01, 02 and 06: The ASL using the surface wave as-
sumption was performed repeatedly with random sets of stations. Per set, the stations
were selected randomly with replacement, hence some stations could occur several times
while others were left out. The size of the set corresponded to the original set size (44
stations); the sampling was repeated 500 times per family.

Moreover, for the same families, ASL was applied to selected individual members,
rather than the stacked waveforms. The members were selected such that their magnitude
was > 0.18, the average correlation coefficient in the matched filtering > 0.44 and their
mean signal-to-noise ratio SNR > 2. The SNR was computed from the ratios between
the energies during the waveform and 10s before and after it. The ratios were averaged
over all stations. 25 such events were used for Families 01 and 02 and 23 for Family
06. Again, for the ASL, surface waves were assumed and the energy computed over the
window between the onset and 1/eE,,4, at the respective stations. The start and end
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times of the windows were taken from the stacked waveforms. However, the data were
filtered between 0.45 and 5.0 Hz.

6.5. Results

6.5.1. Waveforms and spectral properties

Waveforms and spectra were distinct for each family. For most families however, the spec-
tral content within a family was relatively similar at all stations although the waveform
were very different (Fig.6.8).

The largest families 1 and 2 featured very short, impulsive waveforms at the crater
while most of the other families displayed more complex, elongated waveforms. The
contrast in waveform shape between Families 1 and 2 and the rest was less pronounced
at more distant stations. Families 1 and 2 differed in their spectral content with the
dominant frequency of Family 1 being around 1. Hz and that of Family 2 around 1.5 Hz.
Higher frequencies were not taken into account here, since the waveforms were identified
only at frequencies of 0.45-2.0 Hz.

Other families showed up to three spectral peaks. Their waveforms often showed
characteristics of hybrid events even at the crater with high frequencies in the beginning
and low frequencies in the latter part (e.g. Family 04, Family 09 in Fig.6.8).

The spectrograms showed that Family 01 maintained an impulsive beginning towards
later stations with the energy concentrating mostly in the first 5s of the event (Fig.6.9).
All frequencies set in at about the same time. Only at station VS21, low frequencies
appeared slightly earlier.

In contrast, the waveform of Family 02 developed a coda already at station KRA4
(Fig.6.9). In addition, Family 02 clearly displayed a low-frequent onset, followed by
higher frequencies. This was most pronounced at KRA4.

The spectrograms of Family 04 emphasized its hybrid character: at station KRAT,
KRA4 and RIN3, the lower frequencies started 2-3 s after the onset (Fig. 6.10). Moreover,
the low- and high-frequency portions appeared as separate bands. Only at station VS21
the pattern changed.

Family 06 displayed an even more complex pattern (Fig.6.10). At stations KRA4 and
RIN3, 2-3 separate frequency bands could be identified while at stations KRA1 and VS21,
they seemed to be more intertwined. The low frequencies appeared to start slightly after
the high ones, but the difference is less pronounced than for Family 04.

6.5.2. Relative travel times

The differences in lag times of the onsets to station KRA1 were investigated to detect
possible variations in the source location. The obtained lag times clustered narrowly
within 1s around the average curve, which was defined by the modes of the weighted
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Figure 6.8.: Waveforms (left) and power spectral density (right) of the 7 largest families
at 4 selected stations. Stations are sorted by increasing distance to the crater. All curves
are normalized to their maximum. The spectra vary significantly between the families
while they are relatively similar between stations for each family.
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Figure 6.9.: Waveforms and spectrograms at 4 selected stations of the two largest Fam-
ilies 01 and 02. Stations are sorted by distance to the source near KRAT.
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Figure 6.10.: Waveforms and spectrograms at 4 selected stations of Families 04 and 06.
Stations are sorted by distance to the source near KRAL.
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6. Waveform families of transient events

histograms at each station (Fig.6.11). It must be noted though, that the maximum shift
for the cross-correlation was restricted to +0.8s. Differences larger than 1s represented
outliers of single stations rather than a systematic shift of one family. Firstly, no family
showed such a large shift systematically at a larger number of stations (Fig.6.12). Es-
pecially at stations close to the source, where the signal was still very similar to the one
of KRA1 (and hence the identification of the onsets by cross-correlation very reliable),
only very small variations were found. Secondly, the shift suggested by the result of the
cross-correlation could not be confirmed upon visual inspection of these cases. Fig.6.13
shows examples for three families. Stations, for which the lag time differed significantly
from the average, clearly displayed a less distinct signal shape which obviously hampered
a reliable cross-correlation result. This problem generally aggravated with increasing
distance to the source.

The initial average curve (dotted lines in Figs.6.11 and 6.13 showed implausible de-
viations at stations VS01 and VS06 with respect to the neighboring stations. The lag
times of Family 6 were used to correct these outliers. At the stations in question, the
alignment of the waveforms of Family 6 was more consistent than that obtained for other
families but with lag times closer to the initial average.

Fig.6.13 also demonstrates, that the lag times for the three shown families were ba-
sically identical. Thus, in particular the two largest families seem to share a common
source location.

The average lag times were compared to the theoretical lag times computed for a
simple, homogeneous velocity model and wave propagation along the line-of-sight path
between a hypothetical source at the crater and the stations (Fig. 6.14). The plot demon-
strates the trade-off between unknown source depth and unknown velocity model. A
deeper source and a faster velocity both decrease the lag times between stations. Es-
pecially, at most of the stations, the average lag times could equally be explained by a
source at 2000m a.s.l. and a velocity of 1.2km/s and a source at 2800m a.s.l. and a
velocity of 1.5 km/s. Nevertheless, assuming that the sources were bound to the center of
the crater, the signal seemed to originate from the upper 800 m. The fit for the shallower
source (2700 m a.s.l., black dashed line) might be slightly better than for the deeper one.
A shallower source would also be more consistent with the general observation, that the
transients occur together with slug bursts in the lava lake.

The onsets propagated with a velocity of 1-2km /s which corresponds roughly to the
S wave velocities found at the two arrays AVW and ACV. For the shallow source, the
average velocity is around 1.5 km/s. Based on this model, wave propagation seems to be
slower than average towards the west and southeast while faster towards the east. Closer
to the summit (stations between KRA1 and VS21), the faster models tend to be more
appropriate, suggesting velocities of 1.5-2.0km/s.
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Figure 6.11.: Occurrence of time shifts to KRA1. Stations are sorted by distance to the
summit crater. For each station a weighted histogram was computed over the lag times
of all families, weighted by the correlation coefficient. The dotted white line (mostly
identical with the solid one) indicates the mode of this histogram at each station. Two
outliers were corrected manually (see also Fig.6.13), resulting in the solid white line
which was taken as the average lag time per station.
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Figure 6.12.: Travel time lags to KRA1 for selected stations for all families. Solid black
lines indicate the "mean" lag time. Most stations show very small fluctuations for most
families. Deviations > 1s are rather a consequence of poor data quality rather than a
true shift. VSO01 is particularly affected, requiring manual adjustment of the "mean" lag
time to make it consistent with neighboring stations.
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Figure 6.14.: Average lag times relative to KRA1 (red triangles) in comparison with
lag times for homogeneous velocity models. The source was placed within the crater at
depths of 2000 m (gray) and 2700 m (black) a.s.l.. Dotted, dashed and solid lines indicate
different velocities of 2, 1.5 and 1.2km/s, respectively. The shaded area between the two
white dotted lines indicates the range of plausible models. Background colors represent
the backazimuth of the station. Note the ambiguity between unknown source depth and
velocity (compare black dashed with solid grey line).
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6.5. Results

6.5.3. Location

The analysis of the lag times with distance suggested wave propagation velocities for the
onsets of 1000-2000 m/s. This range corresponds roughly to the S wave velocities found
at the two arrays AVW and ACV. The initial energy could therefore be transported
by body waves. The waveforms however became increasingly elongated with distance
from the source, suggesting that the later parts traveled much slower and were probably
subject to dispersion and scattering. Hence, the majority of the waveform and thus its
energy propagated as surface waves.

Using the energy over the entire waveform and assuming surface waves, the ASL
method yielded source locations for the transients mostly around the NW half of the
summit (Fig.6.16). Most sources were found close to station KRA1. Interestingly, no
sources were found right at the center of the crater.

A similar circular distribution pattern as for the surface wave assumption was found
using only the energy over the first 2.6s of the waveforms and assuming body waves
(Fig.6.17). Again, the sources distributed around the crater rather than inside of it. In
addition, they were more spread out. Two depth layers clearly stood out: 2500m a.s.l.
and 2700 m a.a.l. - the latter effectively indicating a source at the surface. The relative
similarity between the patterns of the source locations for the two wave types seems to
confirm the initial assumptions, that the onset of the waveforms contain body waves
while the bulk are surface waves. To ensure that the result for the body waves is unique
for the onset, the same procedure was performed for a 2.6 s window starting 10s before
the onset and a 5 window starting at the onset. Both resulted in a distribution of the
locations that was clearly less similar to the result for the surface wave assumption.

The range of locations is largely consistent with the observed range of travel time lags
between stations. Hence, the variations in lag time could be the result of variations of the
horizontal position by some 100m. A more detailed examination of Families 01, 02 and
06 however revealed some inconsistencies (Fig. 6.18). The body and surface wave location
for Family 01 were found near station KRA1 at the northwestern rim of the crater while
those of Families 02 and 06 were found to the southwest. Using body waves and the
energy of the onset, a shallow source depths was obtained. Lag times were computed
using a velocity of 1.5km/s and compared to those obtained by cross-correlation of the
onsets. At most stations the differences in the theoretical lag times between the locations
were only minor which would correspond to the only small variations in the observed lag
times. At stations AVWI1-5 however, the theoretical travel times showed substantial
differences which were not found in the observed lag times. This discrepancy suggests
that the uncertainty of the source locations should be more carefully examined.

The Bootstrapping-analysis for Families 01, 02 and 06 demonstrated already a sig-
nificant variation of several 100m if different station sets were used (Fig.6.19, top).
Interestingly, if the ASL was applied to individual members of the family and higher
frequencies were included, the source locations moved into the crater or at least closer
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6. Waveform families of transient events

towards it (Fig. 6.19, bottom).

6.6. Discussion

67 families of transient waveforms and in total 23306 events were found using cluster
analysis and matched filter detection. The majority of events belonged to one of two
families. Their waveforms were very similar but they differed slightly in their frequency
content. At the crater stations, their waveforms were very short, almost resembling a
Ricker wavelet. The smaller families in contrast showed more complicated waveforms
with high frequencies in the beginning, followed by a low-frequent part. A common
interpretations is, that the high-frequent beginning marks an event that triggers a reso-
nance effect which forms the later part of the waveform [Wassermann, 2012]. This could
be, for example, a small explosion that sets the conduit in resonance.

At Kilauea, Hawaii [Chouet et al., 2010] and Stromboli [Neuberg et al., 1994, Ripepe
et al., 2001, Chouet et al., 2003], degassing bursts were associated with LP- and VLP-
components. Similar combinations were also found in the seismic response of analogue
and numerical models of degassing processes [James et al., 2004, 2006, 2008, Chouet
et al., 2010]. Hence finding such a component might be a good indicator for a degassing
process. Therefore it is somewhat unfortunate, that the limited frequency range of the
deployed sensors precludes the analysis of the very-low frequency range.

The sources of the signals were located around the crater but the locations have a
high uncertainty. The lag times between stations showed little variations between the
families, suggesting a common source region. The reports from earlier studies that the
transients occur in combination with Strombolian activity in the lava lake [Calder et al.,
2004, Palma et al., 2008, Gurioli et al., 2008] were strongly supported by the statistical
properties of the magnitudes and interevent times in the population of the transients (see
Chapter 5). In this light, there is little reason to assume that the source of at least most
of the transients lies outside of the crater. In this respect, it seems particularly odd, that
the sources were found exclusively at the rim of the crater and not inside of it.

Nevertheless, other options should be taken into account. In particular, Lamb et al.
[2020] raised awareness for the possibility that low-frequent volcanic events could be
mistaken for icequakes at glaciated volcanoes. At Villarrica, this could play a role since
the glacier extends up to the crater. Yet, in previous studies this has never seriously
been considered.

More stations closer to the source and distributed at many different distances from and
directions towards the crater could help to improve the results of the ASL. In contrast to
the approach of Chapter 4, fewer stations were used. In particular, the two westernmost
lines running towards the volcano were omitted because the events were mostly attenu-
ated at this distance. In addition, the site factors also need to be very well known since
they can also strongly influence the final location. For example, omitting them leads to
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6. Waveform families of transient events
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Figure 6.16.: 2D-histogram of source locations obtained by ASL on family centroids
assuming surface waves.Therefore, no depths were obtained. Energy was computed be-
tween the onset and the time at which the energy dropped below 1/e of the maximum.
The highest number of events locations in one bin of the horizontal grid is 15.
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Figure 6.17.: 2D-histograms of source locations obtained by ASL on family centroids.
In this case, the amplitude was computed over the first 2.6 s of the waveform and body
waves were assumed- Therefore it was also searched for a depth. Right and top panel
show locations projected onto N-S and W-E cross-section through the summit. Bins
correspond to search grid. The highest number of events locations in one bin of the
horizontal grid is 12. Since surface waves were forced, the deep locations are physically
implausible

131



6. Waveform families of transient events

mmmm average lagtime
ALN2 1. A observed lag times ‘-'
ALNS modeled lags, Surf.wave locs. ( [N ,',I
modeled lags, body wave locs */I
Family 01 (,é’
VS15 1 Family 02 :
VS14 A Family 06

>

[

=2

=
1

X, m

5000 5200, 5400 5600 5800 | 6000

7 7
8 body wave \
|:| surface wave

<

N

lag time to KRAL, s

Figure 6.18.: Observed and computed lag times for the source locations obtained by
ASL of Families 01, 02 and 06 (color-coded). Lag times were computed for a velocity of
1500m/s. Observed lag times are shown as triangles. The average observed lag time is
shown as thick black lines. Thin and dashed colored lines correspond to the lag times
computed for the respective locations for body (crosses) and surface (squares) waves
shown in the inset.
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6. Waveform families of transient events

shifts by some 100 m.

The average lag times suggest a propagation velocity for the onsets of around 1500 m/s.
Since this value is well in the range of the S wave velocity models determined for the
two array sites north and west of the summit, this could be seen as an indication that
the early part of the waveform is made up of body waves. Surface waves generally travel
at slower speed although they can reach up to about 90% of the S wave velocity. Body
waves, in principle, would be more helpful in determining the source depth.

For the inference of velocity variations from the relative travel times, it is particularly
important that the onsets - which were identified by the initial crude manual picks and
subsequent cross-correlation - are determined correctly. At the early groups of stations
- KRA and RIN - the result was relatively unambiguous. At later stations however,
alternative associations of the phases might be possible for some families. In these cases,
the relative lag time to KRA1 would shift by +£1s (=1 period at 1 Hz). These alternatives
are indicated by the parallel stripes in Fig.6.11 at stations VS01-03, VS21, AVW1-5 and
ACV1-5. In addition, if different polarities were allowed more ambiguities might arise.
Therefore a more careful inspection of all families individually might be necessary to
resolve these uncertainties.

6.7. Conclusion

More than 20000 events could be identified as members of one of 67 families the two
largest of which comprise 22500 and >7000 events, respectively. Hence a huge number
of transients is produced by a stable, repetitive source. Stacked, average waveforms were
obtained, which were subjected to further analysis in terms of waveform, travel time and
location. The two largest families showed short, impulsive waveforms near the source
but developed an elongated waveform within 1-2km of the crater. Most of the other
larger families displayed more complicated waveforms even at the crater which might be
interpreted as a high-frequent trigger event that causes a rather low-frequent resonance
response for example of the conduit.

The origin was located at or near the crater but several inconsistencies were found,
suggesting a still significant uncertainty. In particular, most sources were actually located
on the crater rim which contradicts the common assumption, that the events are explosion
quakes. Hence the source was expected to be within the crater and not outside of it.
However, if the preliminary results turned out to be true, alternative source processes
would need to be taken into account, for example icequakes in the glacier.

The presented results were obtained in a sort of batch processing manner. In this
way, the large number of families could be analyzed very quickly. However, a more
careful and individual analysis of the event families - which should in particular include
a meticulous quality control of the events taken into account - might significantly improve
the reliability of the results. In this regard, the methods and results shown here, should
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6.7. Conclusion

be seen more as a proof of concept which indicate the potential gain of information.
Using particularly strong events and stacked waveforms, it seems realistic to locate the
source of the signals. The stacked waveforms allow to identify the onsets of the signals
and thus the determination of travel time differences. These may be used to infer a
velocity model. Another aspect, which was not tested yet, could be the analysis of the
damping and scattering parameters of the medium.
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Part III.

Concluding remarks
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7. Overarching discussion & conclusions

This work presented analysis on ~12 days of seismic data from Villarrica Volcano,
recorded by an extensive local network in early March 2012. The data were analyzed
in terms of the seismic activity and the seismic structure of the volcano. The following
section discusses the main conclusions regarding the objectives of the thesis.

1. Locating the source of the seismicity

The origin of the seismic unrest of Villarrica volcano could clearly be located in the
summit crater confirming the hypothesis of earlier studies (Fig.7.1). Three different
approaches were presented, two of which were based on the decay of amplitude with dis-
tance and one on array analysis. No distinction was made between tremor and transient
events. Instead the respective parameters for each method - backazimuths for the array
analysis, peak power spectral density for the amplitude methods - were obtained from
the probabilistic distributions over the observation period.

Possible small variations in source location could not be resolved in this manner. The
horizontal location derived by the array approach varied over time by a few hundred
meters but since these variations fell well within the uncertainty range of the method,
they were not considered as true changes in location.

Both, the array analysis as well as the fitting of the amplitude decay to distance,
suggested that the analyzed signal was composed predominantly of surface waves. Un-
fortunately, this impeded the determination of a source depth, since surface waves are
only excited once the signal impinges at the surface. Consequently, even if the source was
located deeper it could only be traced back to the epicenter not its depth. The strong
surface waves and scattering of the transient waveforms with distance however suggested
a rather shallow source [Cesca et al., 2008|.

Plausible candidates for source mechanisms of the tremor are superimposed codas from
transients (and thus probably the bubble bursting and magma seething at the surface of
the lava lake) as well as frictional forces exerted by magma convection on the conduit
walls. Although, in the latter case, the assumption of a point source would actually not
be very accurate. Alternatively, or additionally, resonance effects along the conduit or
sections of it may play a role.

Using the fitting of amplitude decay to distance (amplitude source location - ASL),
the individual families of transient waveforms could also be located to the summit area.
Again, the predominance of surface waves impeded an estimation of the source depth.
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Figure 7.1.: Locations of the tremor with uncertainty. Colors indicate the different
location approaches: orange - Beamforming, blue: fit of amplitude decay with distance,
green: mapping of amplitudes. Locations of transient families are not shown because of
they were too ambiguous.
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Lateral variations in location between event families were found but their uncertainty
was too large to reliably identify differences in their source location.

The similar source region of tremor and transients indicates a close relationship between
both signal types. Yet, the slight differences in lag times relative to station KRA1 for
the waveform families suggest that there could be variations in source locations of the
transients, most likely the depths. Identifying these locations could greatly improve
our understanding of the upper conduit system since they might indicate changes in
the conduit system. Unfortunately, with the present data set, precise locations may be
difficult or even impossible to achieve. Due to the large distance to most stations and
notably the arrays, the detected signals are more likely to be affected by path effects.
The amplitude method would also benefit from more stations at different and most
importantly shorter radii around the summit since the method relies on the distance to
the source.

Some of the sources were located outside of the crater area. Under the assumption
that the transients are caused by explosions, these results were considered as erroneous
locations. Given the volcanic activity in the lava lake and the limited resolution power
of the network, this assumption is very well justified. Nevertheless it should be kept
in mind, that the volcano is covered by a glacier and that icequakes can display similar
characteristic traits as the transient events. Hence, some of them were possibly icequakes
and thus originated from outside the crater. For a reliable differentiation, precise location
methods and simultaneous monitoring of the volcanic activity by non-seismic methods
would be required.

2. Elucidating the shallow seismic velocity structure of the edifice

At two sites - 4-5 km west (AVW) and north (ACV) of the summit - dispersion curves of
the wave propagation velocity could be gained from the array analysis. The dispersion
curves were inverted for seismic velocity models of the upper 500m at the respective
locations (Fig.7.2). At both sites a 2-Layer structure was found, with boundaries at
similar depths of 50-100 m and 400-500 m. S wave velocities for the deeper layer and the
subjacent half-space ranged from 1000-3000m/s and were interpreted as consolidated
pyroclastic material. The surface layers differed considerably, although both could be
explained by the local surface structure: AVW was installed on young deposits of py-
roclastic density currents which have very low velocities of less than 1000 m/s, whereas
ACV was situated on an old lava flow leading to the high velocities of ~2000m/s.

These results provide the first substantial evidence for the shallow seismic structure
of Villarrica volcano. They may serve as a valuable base for future studies, that involve
modeling of the seismic wave propagation, e.g. the inversion for moment tensors. A
good velocity model also significantly improves the results of conventional source location
methods which can be applied especially to VT-events and possibly in some cases to other
event types.
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Figure 7.2.: Interpretation of the shallow velocity models at array sites AVW (4 km west
of summit) and ACV (5km north of the summit), obtained from inversion of dispersion
curves. The upper ~100m are covered by loose pyroclastic material (AVW) and solid
lava (ACV). Lower layers are made up of consolidated pyroclastic deposits. Extrapolation
to other locations are generally difficult. Especially the old calderas might introduce a
significant change in the velocity structure. Pictures (clockwise from upper left):US
Geological Survey [1980], Vito0783, CC BY-SA 4.0 [2019], Costantini et al. [2011]
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Nevertheless, extrapolation of the models to other areas of the volcano should be made
only very carefully. Radial and azimuthal variations in the velocity structure with respect
to the summit are indicated by the lag times between different stations for the transient
event families (Fig. 6.12). The relative similarity of the two models underneath the surface
layer suggests that they are to some degree representative for the northwestern sector.
However, the arrays were also located at comparable radial distance from the crater of
4-5km, so there is no information on whether the model can be extended radially inwards
to the summit. Major geological features that likely introduce a change in the velocity
structure, are the glacier and the older calderas. Since the youngest cone of the volcano is
situated at the western rim of the older calderas, the lower edifice is strongly asymmetric
with the glacier and old caldera extending far more to the east than to the west of the
summit. The velocity models are therefore probably not easily transferable to the eastern
half of the volcano.

3. Characterizing the occurrence of transient events

A catalog of automatically detected transient events was investigated in terms of the
statistical properties of magnitudes and interevent times between two consecutive events
(Fig7.3.

Based on the stochastic properties of the noise, obtained from the data, a detection
curve was determined that indicated the probability to detect a given magnitude. This
function in turn allowed to reconstruct a model, that reproduced the observed distribu-
tion of magnitudes. This distribution decayed towards low magnitudes after reaching a
peak. If interpreted as a normal distribution, it would indicate log-normally distributed
amplitudes. The distribution of interevent times resembled a log-normal distribution,
indicating a preferred recurrence interval, in other words a slight periodicity. The in-
terevent times could however only be determined between observed events. Although
the magnitude model suggests the presence of additional events, it does not give a tim-
ing of them. Nevertheless, for the actually observed data, a weak correlation was found
between the logarithm of the interevent time and the preceding magnitude.

The frequency distributions of both parameters clearly differ from those of tectonic
earthquakes which are characterized by exponential magnitudes and a (nearly exponen-
tial) Gamma distribution of interevent times. Moreover, a random occurrence - signaled
by exponential interevent times - of the transients could be discarded. Instead, the dis-
tributions could be the result of a slug flow in which the transients reflect the gaseous
slugs that move in the liquid magma. The magnitudes would reflect the size of these
slugs and the interevent times would indicate the separation distance. In slug flow, the
sizes of the gas pockets and the liquid bridges between them are log-normally distributed.
The interpretation as slug flow is further supported by the correlation between interevent
time and preceding magnitude.

While the results strongly suggests slugs as the origin of the transients, they do not
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indicate whether the transients are the results of the bursting of a slug at the surface
or merely a signal of a slug passing an obstacle in the plumbing system at depth. Both
processes are known to produce similar waveforms as the transients. In principle, it
may even be possible that the same slug produces two (or even more) transients: one
at depth and one upon bursting in at the free magma surface. This case however was
not considered in the statistical considerations since there was no way of discriminating
possibly shallow and deep sources.

The detection simulator was a key element in the analysis because it allowed inferences
on the statistical model of the magnitudes beyond the magnitude of completeness of the
catalog. Otherwise, the decline in low magnitudes - which is a strong indication against
exponential, and thus tectonic, magnitudes - could not have been found. Inferring a
model for the interevent times in a similar manner is slightly more complex (and there-
fore was not done yet) but should in principle be possible.

The data set is relatively old for such a dynamic system as an active volcano. Therefore
it is worth noting that there is little indication of drastic changes in Villarrica’s behavior
or edifice in the past few years, even though the volcano saw a major eruptive phase in
2015. The characteristics of the seismic and infrasonic tremor were remarkably stable
throughout the past 20 years. During the same period, the occurrence interval of the
transient events was always reported as approximately 1min [Ortiz et al., 2003, Calder
et al., 2004, Palma et al., 2008|.

In particular the results obtained in the context of objectives 1 and 3 largely corrobo-
rated postulations, hypothesis and findings from other studies that 1) located the origin
of the seismicity of Villarrica at the crater and 2) attributed the transients to gas slugs.
The thesis focused however on a data-driven, methodically sound analysis rather than
relying on anecdotal evidence from field observations. In particular the relation between
slugs and transients was based on the latter. Regarding objective 2, this thesis provided
first results regarding the near-surface velocity structure of Villarrica volcano, albeit
very sparse. Potentially, the approach to use the correlations of onsets of the stacked
waveforms families, to determine relative travel times could be extended to gain a more
widespread picture of the velocity variations around the edifice.
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8. Recommendations for future seismic
installations

The network, as is was installed at that time, provided a valuable data set of unprece-
dented detail on the seismic activity of Villarrica volcano. It was designed (and well
suited) to detect VT-events to use them for a travel time tomography [Mora-Stock,
2015]. As shown in this work, it also served well for analyzing the volcanic activity from
the crater area. However, several shortcomings were encountered while working on the
data, which ruled out more in-depth analysis.The following list contains some sugges-
tions and recommendations for future installations, notably if they were to focus on the
activity in the crater area.

Install more stations closer to the source (crater) : Generally, this should minimize
path effects and scattering on the waveform and wave propagation.

Probe the radius and the azimuth: The circular deployment of most stations around
the edifice provided great azimuthal coverage albeit at a considerable distance from
the source. If possible, several rings of stations at different radii would be desirable.
A better sampling of the proximal distances could, in particular, improve the results
of the amplitude decay methods.

Use 3-component stations: Proper 3-component station data would allow e.g. inversion
for source mechanism or analysis of particle motion.

Orient stations upon installation: If 3-component stations are used, they must be ori-
ented properly. Realignment of the components on the base of regional earthquakes
in post-processing as it is common practice for data from Ocean Bottom Seismome-
ters turned out to be virtually impossible: even the particle motion of a strong
regional tectonic event was strongly distorted in the summit area, rendering the at-
tempts to realign the components in post-processing impossible. Small deviations
are tolerable, especially since the source is close but absolutely no certainty about
the orientation at all clearly precluded most advantages of 3-component data.

Use at least some broadband stations: A significant portion of the seismicity seems to
occur at frequencies high enough to be detected with geophones. Geophones are
cheap, lightweight and easy to deploy which makes them good alternatives to seis-
mometers for installations in difficult terrain if the frequency content of the targeted
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signals is high enough. Nevertheless, these instruments are less sensitive and essen-
tially deaf for lower frequencies (in our case 0.45 Hz). As a result, signals such as
VLPs, if they were present, could not be observed. This is particularly unfortunate
for the waveform analysis of the transient events. It would be very interesting to
see whether there is a VLP-component to these signals that indicate the ground
response to the migration of gas slugs as it was e.g. observed for Strombolian
explosions at Stromboli [Neuberg et al., 1994, Chouet, 2003]. Moreover, better
sensitivity to low frequencies might extend the dispersion curves, derived by the
array analysis, to lower frequencies, and thus enhance sensitivity to lower velocity
layers.

Run longer observation periods: Of course, an extensive network for a detailed analysis
can only be operated for a relatively short time. However, it should be considered,
to leave a reduced installation in place for longer to provide more context for the
analyzed activity.

Use mini-arrays: The mini-arrays proved very useful in terms of source location as well
as velocity analysis. However, in order to serve both purposes, the stations must
be distributed in both, radial and azimuthal direction. E.g. the RIN-arrays had
good sensitivity for the backazimuth but poor sensitivity to the slowness due to
the stations being aligned basically circular around the source. More such arrays
could be used to probe the velocity structure of the edifice. Additional stations
to reduce the spacing could improve resolution at higher frequencies. Broadband
stations could be used to detect longer periods and thus provide information on
deeper velocity layers.

Go interdisciplinary: Especially the volcanic activity, such as degassing, explosions, and
the dynamic of the lava lake can and should be monitored with additional methods,
like SO9, thermal or visual cameras, gas composition sensors or infrasound. The
imaging methods can be very costly to operate, so they might provide data only
for a few days. Nevertheless, this could give valuable insights into the processes
associated with the seismic activity.
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9. Outlook

The most fundamental question regarding the low-frequent seismicity at Villarrica are:
e Which processes cause the tremor and transient events?
e Are they related?

This thesis provides some clarity regarding the location of the source of both signals
and the nature of the transients. In this thesis the origin of the tremor and transients
could clearly be located in the summit region and the transients could be attributed to
slug flow and bursting. However, the similar horizontal source position and the lack of
information on the depth do not exactly make it easier to untangle the two signal types.
It is still unclear if the tremor is the result of superimposed transient waveforms or a
different signal.

An imminent question regarding the seismic transients remains, at what depth they
occur. Are they solely the result of bubble bursting at the surface of the lava lake or
can they also originate at depth? In this work, the determination of the source depth
was impeded by the wavefield being dominated by surface waves. Although this could
mean that the source is indeed a shallow one, it could also "just" be an effect of the
medium. Even a shallow source could be at the surface (like a slug surfacing in the
lava lake) or only near the surface (like a bubble pushing through the shallow plumbing
system). Here, infrasonic records and imaging method of the degassing and lava lake
activity (e.g. visual, thermal or SOg cameras) could help to discriminate between surficial
and deeper seismic sources. This in turn would help to better understand whether the
statistical distributions of interevent times and magnitudes represent a single process
(such as surficial Strombolian explosions) or multiple processes (events at the surface as
well as depth).

An extensive multi-parametric study could also reveal details of the explosion process.
Measurements of high-resolution gas flux, gas-composition, temperature of the plume,
infrasound and seismicity were all deployed at some point in time at Villarrica. However,
in order to study the interplay between all of them, they must be available simultaneously
at comparable quality and time-resolution. Seismology can play a key role in tracking
the processes through time. Imaging techniques of the plume and lava lake (temperature,
gas, visual,...) can provide great details of the process but are costly to deploy. Such
data can thus be acquired only for short time periods. In contrast, seismology is a well
established monitoring tool which delivers almost continuous data over relatively long
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periods of time. If it was possible to identify the seismic signatures of the activity in the
vent such as the different styles of degassing (bubble bursting, seething, lava fountains,...),
one could track this activity over longer time periods and from save distance.

With the analysis from the mini-arrays, some information on the seismic structure of
the edifice were gained. However, in order to understand the signal propagation from
the crater region more details must be gathered to build an adequate model of the crater
area. It was demonstrated that minimalist arrays suffice to determine the near-surface
velocity structure. Wave propagation in volcanic areas is still modeled using relatively
simple models. On the one hand, the details are simply unknown; on the other hand,
the computational cost for a complex model is still relatively high. Nevertheless, sev-
eral studies already demonstrated that seismic waveforms, particle motion or moment
tensors are strongly influenced by the topography and complex medium of a volcano
[Neuberg and Pointer, 2000, Cesca et al., 2008, Bean et al., 2008, O’Brien and Bean,
2009]. Therefore, the structural complexity should be taken into account when analyzing
seismic waveforms from volcanoes.

Undoubtedly, extensive, interdisciplinary data sets and modeling efforts are necessary
for a detailed picture of the processes associated with a volcano. They require however
an immense effort to congregate. Therefore, their availability is limited to a only a few
locations and time periods. Based on their analysis, generalizations and simplifications
must be made that allow investigations and in particular long-term monitoring of other
volcanoes with reduced resources. The statistical analysis of seismic events to determine
their nature, which was introduced in this works, might be a potential candidate for
such a simplified analysis tool. The necessary data can be measured using only a single
instrument and the analysis can be almost fully automated. However, the gained infor-
mation so far is relatively basic. Further studies could investigate for example, whether
the statistics could also be used to infer rheological properties of the magma. In might
also be necessary to be able to distinguish between different processes. On the one hand,
the seismic events could be classified based on their waveforms before entering the sta-
tistical analysis. On the other hand, more elaborate statistical methods might be able to
identify different populations of events and thus separate them into different processes.
The outcome of such attempts must initially of course be carefully evaluated against
information gained by independent methods before being used as sole source.
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The following section describes how the bandwidth of the deployed geophones can be
extended up to at least one decade below their natural frequency of 4.5 Hz. It is illustrated
in Figs. S1-4 and Table S1 provides technical parameters of the sensors.

Figs. 5-10 show additional data examples to give a better impression of the recorded
seismicity. Processing steps are given in the captions.

Fig. 11 shows the operation time of the stations used for the amplitude decay methods.
The positions of these stations are shown in Fig. 12.

Instrument correction of 4.5Hz-geophones

Laboratory experiment

Our group tested geophones, that are typically used in exploration seismology for their
suitability in passive seismology. These sensors have relatively high natural frequencies
(e.g. 1Hz, 4.5Hz, 10Hz). In general, it is not recommended to use the frequency range
below this natural frequency since the signal may be affected by filter effects that result
from the sensor system itself. However, if this effect (the transfer function) is known, it
can be - to some extent - corrected. In order to determine how much this bandwidth
can be increased below the natural frequency, our group investigated some sensors un-
der laboratory conditions [Hilbert, 2015]. Amongst others, a OYO Geospace 4.5Hz 3-
components GS-11D/3Y and a Iongeo SM-6 10Hz sensor have been tested according to
Havskov and Alguacil [2004], Pavlis and Vernon [1994]|, Wielandt and Bormann [2002].
In the basement of the institute building, the geophones were placed next to two cali-
brated Guralps Systems CMG-3TD broadband seismometers which served as reference.
Three days of noise were recorded by this set up and used for calibration, verification of
the transfer function and comparison of the low-frequent signals.

Here, we present samples of the vertical displacement after instrument correction, fil-
tered at different frequency ranges (Figs. A.1-A.3). Between 0.5-1.0 Hz, even the record-
ing of the 10 Hz geophone is remarkably similar to that of the Guralp seismometers. At
lower frequencies (0.1-0.2 Hz, Fig. A.3) however, the amplitude can not be reconstructed
anymore for this sensor. The 4.5 Hz-geophone on the other hand still shows almost
identical amplitudes to the seismometers.
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Table A.1.: Instrument parameters

sensor Generator const. damping samp.rate poles sensitivity
1C 28.8 Vs/m 0.56 100Hz  -20.07+19.91j, -20.07-19.91j  0.1180x10'°
3C 28.8 Vs/m 0.7 100Hz  -15.83+23.43j, -15.83-23.43j  0.1891x10'°

Field data from Villarrica

The sensors used in the experiment above were not exactly identical to those used at
Villarrica. Therefore we show the effect of a bandpass filter with constant upper and
decreasing lower cut-off frequency using samples from array AVW. This approach is
inspired by an example in Havskov and Ottemoller [2010]. The data is corrected for the
velocity response using a water level of 40. The prefilter, that was used in the actual data
processing by default, is not applied here. If frequencies below the resolution capability of
the system (sensor, digitizer and applied transfer function) are included, the instrument
correction starts to enhance the electronic noise of the instrument. This is usually a low-
frequent signal. In order to stress, that it is indeed an artificial signal, we compare the
seismograms of the five stations in array AVW. The mean distance between the stations
is around 100m. Thus at the critical frequencies (<4.5 Hz), the spacing is small enough
that we may expect a passably coherent signal at all stations (e.g. for v = 500m/s and
f = 4.5Hz the wavelength is A = 100m). Nevertheless, we point out, that this is not a
laboratory experiment, but a site with very heterogeneous structure. Therefore, we can
neither expect perfect similarity.

The data is filtered using a bandpass with a constant upper cut-off frequency of 8.0
Hz and different lower cut-off frequencies fy.;, of 4.5, 2.0, 1.0, 0.5, 0.1, 0.01 and 0.001
Hz (Fig. A.4).

For fimm < 0.1 Hz, incoherent, low-frequent phases emerge. These become more
evident at even lower fi,;n. Above 0.5 Hz however, no such artifacts are visible. We
acknowledge, that the coherency between the stations is not perfect at higher frequencies.
Nevertheless, the main similarities between the signals are maintained above 0.5 Hz,
whereas below 0.1 Hz this is undeniably not the case anymore. Therefore, we think, the
incoherency at higher frequencies is caused by a complicated site structure rather than
by the sensor unit.

All in all, we are therefore confident, that the data of these sensors can safely be
interpreted for frequencies as low as 0.5 Hz.

Data samples
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Figure A.1.: Signal filtered between 5Hz and 10 Hz (traffic noise). Y-axis is displace-
ment in nm, X-axis is time in s.
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Figure A.2.: Signal filtered between 0.5 Hz and 1.0 Hz (ocean noise). Y-axis is displace-
ment in nm, x-axis is time in s.
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Figure A.3.: Signal filtered between 0.1 Hz and 0.2 Hz (ocean noise). Y-axis is displace-
ment in nm, x-axis is time in s.
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4.500 - 8.0Hz 2.000 - 8.0Hz

0.100 - 8.0Hz 0.010 - 8.0Hz

Figure A.4.: Velocity seismograms from array AVW, filtered using different lower cut-
off frequencies. Lower right panel shows recoverable low-frequency part to demonstrate

waveform similarity.
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Figure A.6.: Ground velocity during full observation period at the summit (KRA3,
top) and in approx. 2km distance. High-amplitude spikes as RIN4 represent regional
tectonic earthquakes. Filter: 0.5-12.5 Hz, sampling rate: 25 Hz, amplitudes corrected for
geometrical spreading by /r
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Figure A.7.: Samples of tremor dominated (top), mixed (middle) and event dominated
(bottom) sequences at KRA3. Same samples as in Fig. A.8. Filter: 0.5 - 12.5 Hz, ampli-
tudes corrected for geometrical spreading by /7
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Figure A.8.: Samples of tremor dominated (top), mixed (middle) and event dominated
(bottom) sequences at RIN4. Same samples as in Fig. A.7. Filter: 0.5 - 12.5 Hz ampli-
tudes corrected for geometrical spreading by /7
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Figure A.9.: Tremor dominated sequence. Variations in amplitude could be caused by

embedded events. Frequency: 0.5 - 25.0 Hz, sampling rate: 50 Hz, spectrogram: 20.48s
with 20s overlap, amplitudes are compensated for distance.
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Figure A.10.: Event dominated sequence. Transients are particularly prominent in the

first 400s. Afterwards inter-event tremor level increases and obscures events. Frequency:
0.5 - 25.0Hz, sampling rate: 50 Hz, spectrogram: 20.48s with 20s overlap, amplitudes
are compensated for distance.
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Figure A.11.: Data availability at stations used in the paper. Black lines mark time
window used for array analysis. Horizontal channels, if available, are not shown.
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Table B.1.: These six regional events in South America visibly affected the data in our

network. From USGS.

2012-03-12T19:38:36.000Z
2012-03-05T07:48:40.040Z
2012-03-03T123:44:04.000Z
2012-03-03T23:43:59.040%Z
2012-03-03T22:46:40.000Z
2012-03-03T22:13:55.000%Z
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Figure B.1.: Power spectral density of mean amplitude in 4 s windows every 2s at 0.5-

5.0Hz. There is a spectral peak at f=0.0146 Hz corresponding to a period of 68s. This
is similar to the data presented by Ripepe et al. [2010].

Table B.2.: Parameters of linear relation between magnitude and maximum short-term
cant digit

moving mean squared amplitude of an event. Numbers are rounded to the third signifi-

slope intercept mean error std error
KRA1 1.81 -22.5 1.86e-15 0.239
KRA3 1.6 -22.6 7.47e-15 0.22
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Figure B.2.: STA/LTA triggered events using different LTA window sizes. Each stack
of seven traces shows consecutive 10 minutes of seismic data. Within each stack, all
traces are identical but show detections at different LTA window lengths. The window
size is given at the beginning of each trace and represented by different colors. Seismic
data are the vertical velocity component of station KRAS3, filtered at 0.5-0.5 Hz.
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Figure B.3.: Distribution of logarithmic mean square amplitudes of the noise samples.
The window size in seconds is indicated in the panels. Columns correspond to stations
while rows correspond to window sizes. Mean and standard deviation of the logarithmic
data served as input in the MC-simulation for the distributions of the LTA-amplitudes.
Values are given in Data Set S1. The data were generated by computing a moving mean-
square amplitude over 5-min long samples which were extracted at the beginning of every
hour over the entire period of observation.
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Figure B.4.: Correlation coefficient between LTA-data of both stations and all window
sizes. Visualization of Data Set S1.

Table B.3.: Results of maximum likelihood estimation of probability density functions
to model the observed magnitude distribution. Calculations were performed with scipy
1.4.1

pdf AIC KS pval loc  scale shape 0 shape 1
lognorm 5748.4  5.31e-08 -6.2 6.13 0.05 -
loglogistic ~ 5578.3  4.19e-01 -6.1 6.12 35.55 -
gengamma 5795.0 3.96e-13 -2.0 0.81 7.78 2.28
invgauss 5903.7  2.75e-17 -2.6 167.90 0.02 -
norm 5815.2  2.61le-11 -0.0 0.31 - -
weibull 6464.8  3.08e-40 -1.4 1.46 4.56 -

gumbel 7548.0  6.30e-90 -0.2 0.31 - -
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Figure B.5.: Linear relationship between observed magnitudes and maximum short-
term mean squared amplitudes (STA). Averages were computes over 4s long windows.

Table B.4.: Parameters and AICs for fitting different probability density functions to
the simulated “true” distribution of magnitudes using MLE. Calculations were performed

with scipy 1.4.1

pdf AIC KS_pval loc scale shape 0 shape 1
gengamma 68307.9 6.85e-208 -21.9 9.76 52.29 5.04
gompertz 67262.2  3.04e-28 -3.4 0.52 0.00 -
weibull 66256.3  1.00e-28 -4.8 4.53 8.64 -
gumbel 67430.9  5.83e-27 -0.2 0.52 - -
genextreme  71234.9 5.77e-303 -0.8 0.63 0.23 -
invgauss 71977.5  0.00e+00 -6.2 467.14 0.01 -
norm 68717.0 1.75e-229 -0.5 0.59 - -
loglogistic ~ 107995.4  0.00e+00 -3646817375.3 3646817374.80 3923209659.94 -
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Figure B.9.: Fitting different probability density functions to the simulated “true” dis-
tribution of magnitudes using MLE. Same data in log (top) and linear (bottom) y-scale.
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C. Independent component analysis

Introduction

Thanks to two concurrent measurement campaigns in March 2012 (Rabbel and Thorwart
[2019], Waite [2010]), the seismicity was recorded by 6 instruments positioned at the rim
of the central summit crater for 15h simultaneously. These instruments surrounded the
source, which is somewhere within the magma column of the lava lake and recorded the
seismicity from different angles. Despite the seemingly similar conditions with respect to
distance to the source and site the signals were surprisingly different in both time and
frequency domain. This indicated a strong influence of site effects, possibly masking the
common properties of the source signal. In the following, we use independent component
analysis to separate the signal into 5 mixture components which brings out what could
be the fundamental resonance frequency of the conduit system.

Method

Independent component analysis

Independent component analysis (ICA) is a method of blind signal separation. One
assumes that a recorded signal is the (possibly non-linear) mixture of different source
signals. With ICA, one attempts to separate these sources into statistically indepen-
dent, non-Gaussian signals. For a proper reconstruction of the sources, at least as many
recordings as sources are required. For the basic application of ICA, time differences
between the recordings should be negligible.

The recorded signals z(t) = (z1(t),...,zp(t)) is modeled as a mixture of the source
signals s(t) = (s1(t), ..., sn(t)):

z(t) = A-s(t)

ICA tries to recover the source signals by maximising the non-gaussianity of the input
data

In volcano seismology, ICA has been used to separate volcanic tremor from oceanic
micro-seismicity [Cabras et al., 2008] or isolate oscillation periods in volcanic explosions
and tremor [Ciaramella et al., 2004, Martino et al., 2011].

In order to obtain a sufficient number of recordings two ways were established: 1)
Using one station and repeating specimens of the signal or 2) Using multiple stations.
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C. Independent component analysis

In the latter case the differences in arrival times at the stations should be negligible.
Because of the favorable station set up at the crater, the second approach was used.

The FastICA algorithm (https://scikit-learn.org/stable/modules/generated/
sklearn.decomposition.FastICA.html#sklearn.decomposition.FastICA) of scikit-learn
was used here, which obtains the source signal by maximizing their non-Gaussianity.

Preprocessing

Processing of seismic data includes:
e 7-component
e instrument response removed
o filter: 0.45-16 Hz

Preprocessing for ICA includes demeaning and whitening of the data by rotation into
orthogonal principal components and possibly a dimensionality reduction.

Principal component analysis (PCA) was applied to estimate the number of compo-
nents. The relative weight of a PC (corresponding to the eigenvalue) can be interpreted
as the amount of information that this component represents. Subsequently, FastICA
was applied to the data including the preprocessing steps mentioned above.

For the results presented here, PCA and ICA were applied first to a 2-min long tremor
sequence because of the much shorter computation time. The obtained mixing matrix
was then applied to the whole 15-h sequence of data. The spectral properties of the
independent components were almost identical for the sample and the long data sequence.

Finally, we compare the Welch power spectral densities of the original data and the
ICs and analyze their frequency content.

Quality control

In order to verify, if the extracted independent components (ICs) are stable, the ICA
was repeated 100 times and the obtained components matched to those of the inital
ICA by correlation. The average normalized (Pearson) correlation coefficient between
the corresponding components provided a measure of how reproducible the separation
of the initial ICs was. Furthermore, the normalized correlation coefficients between the
ICs and the original recordings were computed to check whether the ICs are truly new
components and not basically identical with the original data.

Results

For the 4-min-sample, the PCA indicated that 2 components provide already >70% of
the information. Three and four components yield >80% and >90% of the information,
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Importance of principal components
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Figure C.1.: Principle component analysis of 4-min-long tremor sample from the crater.
The percentage of variance indicates how much of the data can be explained by the
respective number of principal components.

respectively (Fig. C.1.
ICA was tested with 2-5 components.

e 2 ICs yielded 2 signals that were significantly different from the original data. The
spectral peaks were around 3 and 8.9 Hz.

e with 3 ICs, one of them ends up being a copy of V220 most of the time

o With 4 IC, 2 are very different from all original traces and two are quite similar to

KRA1 and KRAS3.

e 5 ICs mostly end up being very similar to one of the stations. A minority solution
is occasionally obtained in which the ICs are relatively different from the original
data. The additional component has a peak around 6 Hz.
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C. Independent component analysis

Figs. C.2 and C.3 show the results for 4 ICs.
e 2 spectral peaks at around 3 Hz and 8.6/9 Hz

e secondary peak at 6 Hz and perhaps 1Hz

Analysis and interpretation of spectral peaks

Assuming the lava lake reservoir is a resonating fluid-filled pipe and that f=3 Hz is the
resonance frequency f, its length L (i.e. the lake depth) would be

nv
af

with v - velocity, n - number of harmonics, n = 1,2, 3, ... for pipe open or closed at both
ends and n =1, 3,5, ... for one open and one closed end.

For velocities of 1000-2000 m/s, the pipe would have a length of 75-150 m (Fig. C.4).
Hence 3 Hz might be the natural resonance frequency of the lake reservoir. Interestingly,
the presence of the 6-Hz peak indicates a pipe model with either two closed or open ends,
rather then one open (the free magma surface) and one closed (the lake bottom) end.
Possibly, the spatter roof - despite its usual opening - acts as lid.

Admittedly, it is very tempting to interpret the results in terms of such a simple model.
However, it must be emphasized that the numerous authors showed that resonance effects
in volcanoes are usually much more complex [Chouet, 1985, 1986, 1988, Neuberg, 2000,
Sturton and Neuberg, 2003, 2006, Jousset et al., 2003]. The resonance, that is found
in seismic data, is mostly the result of waves that live on the interface between solid
conduit walls and the liquid magma inside the conduit. These interface waves may
develop into standing waves and radiate energy into the medium mostly at the top and
bottom end of the conduit. They propagate at a velocity that is slower than the acoustic
velocity of the liquid. In contrast, in the resonating pipe model (organ-pipe model), a
pressure perturbation travels as an acoustic wave within the fluid in the conduit. It was
shown in numerical models [Jousset et al., 2003, 2004] that this wave hardly couples
into the surrounding medium and is therefore unlikely to be detected seismically. An
analytical solution exists for a fluid-filled infinite crack [Aki et al., 1977, Chouet, 1985,
1986, Ferrazzini and Aki, 1987| which is similar to the the Stonley waves found at fluid-
filled bore holes [Biot, 1952]. Aki et al. [1977] found that the dynamics of the crack are
controlled by the dimensionless stiffness C' = h L where b is the bulk modulus of the fluid,
L and h are the length and with of the crack and p is the rigidity of the solid. From
this parameter, it can be seen, that - at best - ratios about the medium properties and
geometries can be obtained unless three of the quantities are well constrained.

In addition, the assumption of a homogeneous solid and liquid is most likely a gross
oversimplification. The acoustic velocity and viscosity of the gas-magma mixture in

L:
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the conduit strongly depends on the gas content |Neuberg et al., 2000, Neuberg and
O'Gorman, 2002, Sturton and Neuberg, 2003|. However, the amount of gas in the magma
changes due to decompression, so assuming a constant velocity along the entire conduit
is hardly realistic. Small differences in the assumed parameters such as density, gas
fraction and viscosity can lead to significantly different seismic velocities and dimen-
sions of the inferred conduit geometry. Due to this complex interplay and the resulting
non-uniqueness of solutions, Neuberg et al. [2000]| cautioned against inverting presumed
resonance frequencies for structural geometries.

Separation to transients and tremor

Another important question regarding the low-frequency seismicity of VIllarrica is, whether
the background tremor and the transient events are similar in nature or not. If they were
different, it should be possible to separate the two signals using ICA. The results above
showed however, that this was not the case for the stations at the crater rim. None of
the independent components showed a clear preference for transient or tremor signals,
respectively. Possibly, this is only because the stations at the crater were too close to
the source of the signals or too much affected by site effects.

Therefore, the approach above was also applied using the 5 stations from array AVW,
which is 4-5km west of the summit crater. A 5min-long data segment from 2012-03-
08T15:00:00 was chosen, which displayed clearly separated transient events. Again 2
to 5 independent components were tested (Fig.C.5). The transients could always be
identified on all components, suggesting that a separation into tremor and transients is
not possible. The same occurs if only one event is used.

Nevertheless, the idea of the separation of signals could at least be successfully demon-
strating for a sequence of three unknown, small signals recorded by array ALN (Fig. C.6).

In the original data, these events are only discernible at some stations and even there
they are quite mixed with the noise. Separation into 2 ICs however yielded one component
with the events perfectly highlighted and another containing the background seismicity.
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C. Independent component analysis

a) waveform psd
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Figure C.2.: a) Original 15h-signals and corresponding spectra b) independent com-
ponents and spectra. The mixing matrix was determined from a 4s-long sample. c¢)
Correlation coefficients between traces. IC 0 and 3 correspond to stations KRA1 and
KRA3
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Figure C.3.: Power spectral density of ICs for the long data section.

Welch spectra of independent components

4 6 8 10 12 14 16
Frequency, Hz

18

Dotted lines

indicate spectra of the 4 min-sample. IC 0 and 3 are very similar to the original data of
stations KRA1 and KRA3. Spectral peaks are found around 3 and 9 Hz. These peaks
are also present if only 2 ICs are used. Secondary peaks emerge around 1-1.5 Hz, 6 Hz
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Figure C.4.: top: Pipe lengths depending on acoustic velocity of the containing fluid
and harmonic frequencies for a simple model of a resonating pipe. bottom: Sketch of the
crater and upper conduit geometry based on Moussallam et al. [2016], Richardson and
Waite [2013], Richardson et al. [2014]. Coordinates are in meters. Red color indicates
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the resonating reservoir of the lava lake.
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Figure C.5.: ICA applied to a 5 min-long segment containing three transient events at
array AVW. Even with 5 ICs the transients appear on all components, hence a separation
into tremor and transient events was not possible.
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Figure C.6.: ICA applied to a series of small signals at array ALN. While in the orig-
inal data, the events are mixed into the noise, they appear clearly on the independent

component.
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