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Abstract

Volcanoes generate a variety of seismic signals. One specific type, the so-called low
frequency (LF) event, has proven to be crucial for understanding the internal dynam-
ics of the volcanic system. While many endeavours have concentrated on the nature
and cause of the seismic coda, the actual trigger mechanism of these events is still
poorly understood. Several conceptual source models have been developed, ranging
from magma-water interaction, stick-slip motion of magma plugs, magma flow instabil-
ities, repeated release of gas-ash mixtures into open cracks, magma wagging, to brittle

fracturing of magma.

All but one trigger model, namely brittle failure of magma in the glass transition as re-
sponse to the upwards movement of magma, fail to explain all observed characteristics
of LF volcanic seismicity. Here, a spatially extended source, the ring fault structure,
is developed to mimic the proposed source mechanism. The extended LF source is
modelled as an arrangement of 8, 16 and 32 double couples (DCs) approximating a 30
m, 50 m and 70 m wide circular ring fault bounding the circumference of the volcanic
conduit. Due to (partial) destructive interference, P-wave amplitudes of a ring fault
structure are greatly reduced compared to single double couples and compensated lin-
ear vector dipoles (CLVDs), by 350% and 470%, respectively. It is shown here that
these seismic amplitude differences may result in the underestimation of average slip
and thus magma ascent rate by a factor of up to 3.5 when using an over simplified
point source.

To resolve the driving forces of LF's, synthetic seismograms representing both point and
spatially extended sources were inverted for the apparent physical source mechanism
using moment tensor inversion techniques (MTT). If original input parameters were
unknown, MTT results of the ring fault would indicate a combination of 63% isotropic
and 37% CLVD components. The proposed moment tensor strongly resembles that of
a real CLVD case. The results of this study give evidence that slip along the conduit
walls yields the same MTT results as a subhorizontal tensile crack, and the importance
of knowledge about the source nature becomes eminently significant.

Spatially extended source geometries describe an alternative to point dislocation sources.
Additionally to the ring fault structure, this study provides a catalogue of further com-
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plex source scenarios involving new spatially extended sources, such as slip along a dike,
conduit segments, two simultaneously acting ring fault structures, and helix-like flow
patterns. P-wave amplitudes and waveforms vary largely with source geometry, stress-
ing that source geometry is key for source interpretations and thus it is not sufficient
to assume a point source nature of the processes involved to generated the observed

seismicity.
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Chapter 1

Introduction

There are a variety of volcanically-induced seismic signals observed on active volcanoes,
whose source mechanisms are different from tectonic earthquakes. Seismic records of
volcano related earthquakes often indicate a variety of complicated source mechanisms.
In the history of volcano seismology, several conceptual models have been proposed to
explain the complex source mechanisms of volcanic seismic sources, and to link sub-
surface processes to the corresponding observed seismic signals. Seismicity on volcanoes
is routinely recorded by many volcano observatories all over the world, but the potential
to use these signals to forecast the eruptive behaviour of volcanoes is somewhat limited
unless we understand the exact role of the source mechanism in a wider volcanological
context. This research aims to contribute towards this understanding by taking a first
step towards a quantitative rather than merely conceptual model of the excitation
mechanisms of low frequency volcano-seismic activity. This introduction serves as a

review of the relevant background and outlines the motivation and aims of this research.

1.1 Modern understanding of volcanoes

Throughout history, human beings have been thrilled by the spectacular displays vol-
canoes can bring about. Ancient societies often related these marvels to deities or evil
spirits and therefore treated volcanoes with respect, but also with superstitious fear
(Vitaliano, 1973; Blong, 1982). Only much later, in 1795, Hutton (1795) succeeded
in throwing light on the phenomena that form the roots of volcanoes: in his work he
introduced a steady-state model of the Earth which pioneered the now globally ac-
cepted concept that basaltic magmas originate due to heat in the interior of the Earth.

Hutton’s ideas were picked up and driven forward by Scrope (1825) who wrote the first
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Magma chamber

Figure 1.1: Sketch of a volcanic edifice showing a simplified view of the conduit which links
the magma chamber to the surface. After Schmincke (1982).

textbook on volcanology, and first theorised the role of fractures to serve as channels
for the rising magma. Evolved from these pioneer studies, our modern understanding
of volcanic systems involves the rise of magma from the asthenosphere through areas
where the lithosphere is fractured or otherwise weakened, until a fraction of it eventu-
ally reaches the surface through the conduit (Fig. 1.1) (Schmincke, 1982). However,
the pathways magma takes to reach the surface are highly branched and intertwined,
and the commonly used conduit model where magma ascends within a single channel

is likely an over-simplified representation of the real sub-surface structure.

1.2 Monitoring and forecasting tools at active volcanoes

Volcanic activity and eruptions are often preceded and accompanied by various devia-
tions from the quiescence state of a volcano. To ensure reliable hazard assessment, erup-
tion forecasting, as well as risk mitigation, many volcanoes are continuously monitored
using geophysical techniques. A number of physical parameters of a volcanic system
can be monitored this way. Volcano seismology is the most commonly used geophysical
surveillance tool to forecast the short to medium-term behaviour of a volcano. One of
the key advantages of volcano seismology over other geophysical monitoring techniques
is that it can link ground displacements measured at the surface to physical processes

at depth, which makes it the only short-term forecasting tool deployed in real time.
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Figure 1.2: Different event types of seismicity on volcanoes as recorded on Soufriere Hills
Volcano, Montserrat; top: volcano tectonic event (VT), middle: low frequency event (LF),
bottom: rockfall event (RF).

1.3 Seismic signals in volcanic settings

Seismic signals observed in volcanic settings carry important information about the level
and kind of activity at a specific volcano. This has made volcano seismology and seismic
volcano monitoring an important tool in gaining insights into the sub-surface physical
processes that lead to, and accompany volcanic eruptions (Sparks, 2003; Burlini et al.,
2007). Prior to eruptions, rising magma interacts with its surrounding rocks and flu-
ids, e.g., compressing and fracturing wall-rocks. These interactions perturb the stress
distribution and pore fluid pressure, often resulting in fracturing and numerous small-
magnitude earthquakes. The shape and characteristics of the observed seismograms
can be related to particular volcanic phenomena, such as rock fracture, fluid oscillation
and melt migration. Thus, a variety of seismic signals triggered by different physical

mechanisms can be recorded prior to and during eruptions.
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Volcano seismology has adapted many terms and methods from tectonic earthquake
seismology, although proposed source mechanisms and related analysis techniques may
differ. The complexity of volcanic earthquakes has lead to confusions in nomenclature,
and problems still arise from conflicting terminology in modern volcano seismology
(Neuberg, 2011). Generally, five types of earthquakes can be identified in volcanic set-
tings, and examples for the three mostly studied types are shown in Fig. 1.2: volcano-
tectonic earthquakes (VTs), low frequency earthquakes (LFs), very-long period events
(VLPs), explosion earthquakes and surficial events. For the scope of this study, volcanic
tremor is interpreted as a superposition of discrete LF earthquakes and is therefore in-
cluded as a sub-category of low frequency earthquakes. A detailed discussion of the

links between LFs and volcanic tremor is given in Chapter 1.4.1.

With improving broadband seismometers, VLLP events with typical periods in the range
3-100 s or longer (McNutt, 2002) have been observed at a number of volcanoes, includ-
ing Stromboli and Aso volcano, and are commonly linked to the bursting of gas slugs
(Neuberg et al., 1994) or hydrothermal processes (Yamamoto et al., 1999). Explosion
events often coincide with visual observations or infrasonic (acoustic) signals (Green,
2005), and surface-generated signals such as rockfalls and pyroclastic flows (e.g. pyro-
clastic density currents and lahars) which are prevalently associated with active dome

growth at silicic volcanoes.

Since the majority of studies concentrate on VTs and/or LFs these two sub-categories
of volcano seismicity are discussed in detail below. A whole section is devoted to low
frequency volcano seismic signals, their characteristics and origin, as they represent the

core of this study.

1.3.1 Volcano-tectonic earthquakes

Events with clear P- and S-wave onsets occurring at depths of 1-10 km and with dom-
inant frequencies ranging from 5-15 Hz are called volcano-tectonic (VT) or sometimes
also high-frequency (HF) earthquakes (Miller et al., 1998a). The underlying source
mechanism is usually interpreted as shear failure or slip along a fault, and makes VTs
indistinguishable from ordinary double couple tectonic earthquakes in seismic records.
At volcanoes, these events predominantly appear in swarms rather than in mainshock-

aftershock sequences (Chouet et al., 2003), and are commonly considered as one of the
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earliest precursory signs for an acceleration in volcanic activity (Roman and Cashman,
2006). The study of VT events mostly concentrates on the determination of the stress
conditions and orientations, and VT earthquake locations are used to give a general
idea of the size and shape of the magmatic plumbing system and its development with
time. However, once magmatic pathways are established without further changes to
the stress field, the dynamics of the volcanic system can be determined through the

analysis of low frequency events and their link to sub-surface processes becomes crucial.

1.4 Low frequency volcanic earthquakes

Characteristically, low-frequency (LF) or long period (LP) seismicity shows harmonic
frequency content ranging between 0.5 and 5 Hz (Chouet, 1996a; Neuberg et al., 1998).
Since a tragic incident in 1993 at Galeras volcano, Columbia (Baxter and Gresham,
1997), where scientists failed to identify LF seismicity as precursory signals prior to a
deadly eruption, the huge potential of this particular type of volcano seismic signal for
eruption forecasting has been recognised (Fischer et al., 1994; Chouet, 1996a). After
the Galeras fatalities in 1993, the occurrence of low frequency events alone has been
used as an indicator of an acceleration of the volcanic system, and LFs have been in-
terpreted successfully as seismic activity prior to an eruption at a number of volcanoes
such as: Soufriere Hills Volcano (SHV), Montserrat (Miller et al., 1998a; Neuberg et al.,
1998); Redoubt volcano, Alaska (Chouet et al., 1994; Stephens et al., 1994) and Asama
volcano, Japan (Sawada, 1994).

However, to use the full potential of LFs as a forecasting tool, a full understanding
of the physical source processes is crucial (Chouet, 1996a). Generally, their origin is
thought to be associated with resonating fluid-filled conduits or fluid movements, and
several models exist to explain their characteristics and origin: magma-water interac-
tion (Zimanowski, 1998), stick-slip motion of magma plugs (Goto, 1999; Iverson et al.,
2006), magma flow instabilities (Julian, 1994), repeated release of gas-ash mixtures into
open cracks (Molina et al., 2004), magma wagging (Jellinek and Bercovici, 2011), and
brittle fracturing of magma (Neuberg et al., 2006).
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Figure 1.3: Vertical component seismogram of a typical low frequency event recorded at
station MBGA on Montserrat. The initial trace was corrected for instrument response and
digitiser gain to give this true amplitude seismogram.

1.4.1 Characteristics

With improving monitoring techniques and seismic networks being deployed on more
and more volcanoes, low frequency seismicity has been observed at an increasing num-
ber of volcanoes worldwide. Its occurrence does not seem to be restricted to a particular

tectonic setting or type of volcano, yet subtle property changes can be observed.

Low frequency earthquakes is a collective term for seismic events spanning over a spec-
tral continuum, with long period earthquakes and so-called hybrid events forming end
member seismic categories within it. An example of a typical LF event observed on
Montserrat can be seen in Fig. 1.3. While hybrid events show an additional high fre-
quency onset compared to long period earthquakes, single events can be recorded as
either, dependent on the location of the receiver, as has been demonstrated on Montser-
rat (Neuberg et al., 2000). Hence, both long period and hybrid events seem to originate
from the same seismic source, and have therefore been grouped together under the more

generic term ‘low frequency volcanic earthquakes’ (Neuberg et al., 2000).

Independent of the volcanic system, LF volcanic seismicity exhibits one or several of the
following characteristics when observed: (1) they occur in swarms, with (2) highly sim-
ilar waveforms and (3) highly regular (re-)occurrences that, with increasing frequency
of events, may (4) merge into continuous tremor, and most importantly, (5) often pre-
cede episodes of increased volcanic activity such as major dome collapses or sizeable

explosions (Miller et al., 1998a; Aspinall et al., 1998; Hellweg, 2003). Low frequency
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seismic activity usually occurs as discrete events with slowly decaying harmonic codas.
Nonetheless, a large number of LFs with highly similar waveforms can often be observed
within hours. Such swarms suggest a stationary and repetitive source process, as high
waveform similarities are indicative of common source locations and travel paths from
source to receiver (Green and Neuberg, 2006). However, as inter-event times shorten
and the system accelerates such swarms can merge into tremor, lasting from minutes to
days (Hammer and Neuberg, 2009). LF tremor often shows narrow-banded frequency
content, and unsteady magma flow or fluid transport in the shallow plumbing system
have been proposed as underlying physical source processes (Chouet, 1996b). Harmonic
tremor, a special case of tremor signal, involves a peaked spectrum of integer harmonics,
and can originate in two ways: by repetitive re-occurrence of identical wavelets where
the fundamental frequency is determined by the repeat interval, or by a resonating sys-
tem whose eigenfrequencies are manifested in the spectral peaks (Neuberg et al., 2000).
These narrowly banded frequencies are sometimes observed to change systematically
within minutes or days, producing so-called ‘gliding lines’ in the frequency spectrogram
of the recorded signals (Benoit and McNutt, 1997; Neuberg et al., 1998). Depending on
the assumed source model, the sudden temporal changes and associated gliding lines
can either be explained by changes in the triggering frequency of discrete events (Powell
and Neuberg, 2003) or variations of the physical parameters that underlie and control

the eigenoscillations (Benoit and McNutt, 1997).

This, together with similar spectral ranges of tremor and LF events, gave ground for
the idea of a common source process (Chouet, 1996a), and has found application in sev-
eral studies since (e.g. Neuberg et al., 2000; Chouet, 1996a). Here I will use a common
physical trigger to investigate the source mechanism of LF volcanic seismicity, using

the conceptual trigger model of Neuberg et al. (2006) (see also Chapter 2.2).

1.4.2 Link between LF cyclic activity and deformation

Cyclic behaviour of active volcanic complexes takes place on a huge range of timescales,
from a few minutes or hours up to decadal cycles or even beyond. Whilst eruptive be-
haviour of silicic volcanoes is the most obvious and frequently recognised parameter
undergoing periodic changes, there are a number of other geophysical observables that

follow similar patterns. With eruption prediction and hazard management in mind, a
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multi-disciplinary approach, considering episodic changes in e.g. seismicity, ground de-
formation, gas flux, and other measurable parameters, is thus the key to understanding

the controlling processes yielding such cyclic behaviours.

In a study based on SHV, Montserrat, Neuberg et al. (2000) first identified an 8 — 12
hour cyclicity of low frequency seismicity, which subsequently was successfully cor-
related with ground deformation measurements of the volcanic edifice (Voight et al.,
1998). The maximum number of low frequency earthquakes within a swarm is generated
when a maximum in tilt is reached (Voight et al., 1998). Furthermore, the initiation of
LF swarm activity coincides with the inflection point corresponding to the maximum of
the first time derivative of the tilt signal (Fig. 1.10) (Green, 2005). The cyclicity of tilt
was proposed to be caused by the traction of magma on the conduit wall which exerts
a shear force (Green et al., 2006), while stress relaxation in the volcano is thought to
be responsible for the seismic cycles (Neuberg et al., 2006). These discoveries provide
insights into the source mechanisms that generate low frequency seismicity, and pro-
vide a way to link quantitatively geophysical observables to physical processes in the

sub-surface such as shallow magma movement and magma ascent rates.

1.5 Source mechanisms of low frequency seismicity

Despite their undoubted potential as eruption precursors and the many endeavours
to gain a detailed understanding of them (e.g. Chouet, 1996a; Neuberg et al., 2000),
the precise origin of low frequency earthquakes in volcanoes poses an unresolved chal-
lenge to the scientific community. To date, no single model has been able to explain
the characteristics detected at all volcanoes. In fact, even for silicic systems alone,
volcanologists still disagree over the excitation mechanisms and general nature of low
frequency events. Low frequency events have been described as a consequence of path
effects rather than source processes, an example being Harrington and Brodsky (2007)
who ascribe low frequency events observed at Mount St. Helens volcano to brittle fail-
ure events with slow rupture velocities and complicated paths. An argument against
this perception is the frequently observed common spectral characteristics of a single
low frequency event across several stations within a seismic network (e.g. Fehler and
Chouet, 1982; Gémez and Torres, 1997). Therefore many authors advance the view

that the low frequency content of most observed signals must be due to a source ef-
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fect, and that understanding the physical processes acting at the source of such LFs is
crucial to exploiting the full potential of low frequency seismicity as a monitoring tool.
Chouet (1996b) introduced the concept of a combination of a ‘trigger’, which generates
the initial seismic energy, and a ‘resonator’, which traps the seismic energy and sustains

the characteristic low frequency coda of the signal.

My work is fundamentally based on this concept, and the next sections present a de-
tailed discussion of the suggested models for both of these two key components, with
brittle failure of melt at the conduit walls being the favourite candidate for the source

mechanism, and resonance of a fluid-filled body acting as resonator.

1.5.1 The trigger mechanism

Based on cross-correlation analysis of the recorded waveforms, the existence of event
families of low frequency events at Soufriere Hills Volcano, Montserrat, has been proven
(Rowe et al., 2004; Green and Neuberg, 2006; Ottenméller, 2008). A specific event fam-
ily only contains events that exhibit a high degree of waveform similarity, and can be
active over hours, days, and even months, indicating the same trigger mechanism. Sim-
ilar event families with almost identical waveforms have also been identified on many
other volcanoes, such as Unzen Volcano, Japan (Umakoshi et al., 2008) and Volcan de

Colima, Mexico (Varley et al., 2010).

From the high similarity of low frequency events it can be concluded that all events
belonging to one event family originated in a small source region and share a common
travel path to a given receiver. The emitted frequencies of those events require a stable,
non-destructive and repeatable source mechanism. Neuberg et al. (2006) introduced
a conceptual model to describe a possible trigger mechanism for LP seismic signals
that fulfils all required criteria. Based on field observations, experimental investiga-
tions, and numerical magma flow modelling, they suggested that low-frequency events

at Montserrat may be triggered by the brittle failure of magma.

Neuberg et al. (2006) considered a highly viscous melt that succumbs to high strain
rates at the conduit walls, and as a result ruptures. High strain rates at the conduit
walls can occur due to the high lateral viscosity gradient controlled by gas and heat

loss through the magma - host rock boundary (Collier and Neuberg, 2006). Once a
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critical strain rate is reached, the so-called glass transition is crossed (Dingwell, 1996),
and in a narrow depth range the highly viscous melt can rupture in a brittle manner
(Tuffen et al., 2008). This generates seismic energy which then excites the resonance
responsible for the long period coda of the observed LF signals (Neuberg et al., 2006).
It has also been suggested that resonance in the conduit can occur in an area where
magma has a high impedance contrast to the surrounding country rock (Neuberg et al.,

2006).

A number of alternative source processes that could be responsible for triggering the
seismic energy release needed for low frequency volcanic earthquakes have been pro-
posed. These include: episodic interaction of super-heated water with magma (Zi-
manowski, 1998), fluid dynamic instabilities during ash venting (Julian, 1994), and
stick-slip motion of magma ascending in the conduit (Iverson et al., 2006). In the fol-
lowing, I assume magma rupture (Neuberg et al., 2006) and stick-slip (Iverson et al.,
2006) as the source model. I will advance these models by: (1) expanding the concep-
tual model to a quantitative investigation of waveform amplitudes and (2) exploring the
actual fracture mechanism through a moment tensor analysis, using a set of complex

sources instead of the common fault plane assumption.

1.5.2 The resonator

The idea of a resonating fluid-filled body as the underlying source for low frequency
signals was first proposed several decades ago. The earliest models, however, could not
overcome fundamental problems; for example the fluid-driven crack model of Aki et al.
(1977) faced complications when trying to simulate the observed long duration of LF
events. In their model, the fluid could not support acoustic waves and resulted in weak
resonance and strong radiation loss. Additionally, in order to obtain periods of the
length scale of those seen on volcanoes such as Mount Aso in Japan, very large magma
reservoirs acting as resonators were required, at least when using only the acoustic
velocity of the fluid to determine the resonance frequency of the crack. This issue was
solved when a huge modelling effort by a group of scientists discovered the significance
of interface waves. These are also called slow waves or crack waves (Chouet and Julian,
1985; Chouet, 1986, 1988). This type of ‘tube wave’ was first detected in borehole seis-

mology, close to and within fluid-filled boreholes (Biot, 1952). They are fundamentally
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Figure 1.4: Schematic diagram showing the competing crack and conduit model geometries.
left: The crack model, with large aspect ratios (length to height, L/h), containing compressible,
low density and low viscosity fluids, such as gas or ash-gas mixtures. right: The conduit model,
with low aspect ratios (L/h), containing comparatively high viscosity fluids such as magma.
Figures modified from Collier (2005) and Jousset et al. (2003).

different from harmonic standing waves, whose resonant eigenfrequencies exclusively
depend on the acoustic velocity of the fluid and the resonator length (Neuberg et al.,
2000). Similarly, Ferrazzini and Aki (1987) studied an inviscid fluid layer sandwiched
between two elastic half-spaces. They derived an analytical expression for the phase
velocity of interface waves confined to the fluid-solid boundaries, and recognised that
one mode of these highly dispersive waves has phase velocities lower than the acoustic
velocity of the fluid. Owing to the ground-breaking findings of Chouet (1986, 1988)
and Ferrazzini and Aki (1987), it was first understood that comparatively small bodies

are capable of generating the desired low frequency resonance.

Yet ideas about the nature of the resonating source body as well as its geometry deviate
from each other, depending on the aspect ratio of the body and the nature of the fluid
proposed. Although diverse, all existing model geometries can broadly be grouped into
two categories: crack models and conduit models (Fig. 1.4), and these will be discussed

more closely in the subsequent sections.

Crack models

Aki et al. (1977) first proposed a fluid-filled ‘container’ embedded in an elastic solid
which produces sustained harmonic waveforms. Magma migration within a narrow
fluid-filled crack is driven by excess fluid pressure. They suggest that this is the source

of the low frequency content of volcanic tremor on Kilauea volcano, Hawai’i. Aki et al.
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(1977) also defined the ability of the fluid-filled body to resonate by the ‘crack stiffness

factor’ C:
B\
—— for an infinitely long crack.
wh
C = (1.1)
BL
" for a crack with finite length.
1

In Equation 1.1, B is the volume modulus of the fluid in the crack, u is the rigidity of
the surrounding wall rock, h is the crack width, and for the case of an infinitely long
crack A is the wavelength of the propagating wave, which for a crack of finite length
is replaced by the crack length L. The phase velocity of the interface wave decreases
with increasing stiffness factor, and thus bodies with large aspect ratios (L/h) or big
elastic moduli contrasts (B/u) can trigger LF signals (Ferrazzini and Aki, 1987). Al-
ternatively, Chouet (1986, 1988) investigated the fluid-driven crack model by studying

the seismic wavefield associated with resonance in such narrow bodies.

Crack models have been suggested by multiple authors subsequently, all having aspect
ratios between 100 and 10*. The crack must contain a highly compressible and low vis-
cosity fluid, such as ash-charged gas (Morrissey and Chouet, 2001) or steam (Chouet
et al., 1994). An example of a steam-filled crack is shown in Chouet et al. (1994), match-
ing forward models to observed spectral characteristics on Redoubt Volcano, Alaska,
which proposed the existence of a crack containing water and steam with dimensions

280 — 380m x 140 — 190m x 0.05 — 0.2m as the source of low frequency events.

Many investigators apply moment tensor inversions to resolve the signal coda, trying
to find the geometry and directivity of the resonating body. This technique allows
unravelling of the structure of point sources, and many authors have interpreted their
results as resonance in shallow vertical or sub-horizontal crack-like structures within,
or near to the volcanic feeding system. However, the point source approach brings huge
ambiguities with it, and various geometries can be responsible for a given moment ten-
sor inversion result (Chouet, 1996b) as is shown in Chapter 5. Studies applying this
technique to low frequency events on volcanoes almost exclusively concentrate on the

directivity of the resonating part of the signal, and include: Kusatso-Shirane Volcano,
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Japan (Kumagai et al., 2002; Nakano et al., 2003; Nakano and Kumagai, 2005), Kilauea
Volcano, Hawai’i (Kumagai et al., 2005), and Cotopaxi Volcano, Ecuador (Molina et al.,
2008). The latest of a series of waveform inversions of low frequency earthquakes on
Mount St. Helens involves the repeated pressurisation of a subhorizontal crack in the
volcanic edifice (Waite et al., 2008). Gradually expanding steam pressurises the crack
until a pressure threshold is reached and partial collapse and resonance of the crack
is induced, generating the low frequency coda. Contrasting to the endeavours towards
understanding the origin of the resonance, I concentrate on the actual source process,
or trigger, which lies at the origin of the seismic energy that eventually sustains into LF
volcanic seismicity. Hence, moment tensor inversions as carried out in Chapters 4 and
5 focus on inverting the first, high frequency, onset of seismicity, which is indicative of

the physical process generating the volcanic seismicity.

This study concentrates on the trigger mechanism and the wavefield generated at the
origin of LF events only, and therefore disregards attenuation of the signal as it advances
through the medium. More information on the effects of attenuation on LF waveforms
can be found in Smith (2010) whose PhD research concentrated on the attenuation

effects on LF volcanic seismic signals.

Conduit resonance

Conduit models, in which resonance takes place in a conduit or dike, represent the op-
posing approach to the crack model, with the major difference being the lower aspect
ratios (less than 100) of the resonating body. Amongst others, Neuberg et al. (2000)
and Jousset et al. (2003, 2004) have described example geometries that fall into this
category, and in one study proposed an approximately 600-1500 m long and 20 m wide
conduit section as the source for the low frequency content of the signals. In contrast to
the highly compressible gas mixtures employed in the crack models, conduit resonance
is thought to take place in a conduit or dike filled with a silicic three phase magma

consisting of melt, gas and crystals (Neuberg and O’Gorman, 2002).

Since the stiffness factor C (Equ. 1.1) includes both geometry properties and fluid
parameters, models proposing large crack-like resonating bodies effectively require the
fluid involved in the process to be a low viscosity ash and gas mixture. In theory, both

types of model can explain the low frequency nature of the observed signals. After
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the sustained resonance within highly viscous and bubble-rich magmas was challenged
(Chouet, 1996b), Collier (2005) showed that under realistic pressure conditions reso-
nance in conduits and cracks can be sustained. However, the geological plausibility of
steam-filled cracks a few hundred meters wide may be questioned, since such structures
have not been observed in nature. In contrast, dikes and conduits with low aspect
ratios, a few meters wide and a few hundred meters long, like those proposed in most
conduit models, can be found in the geological record, and in particular at silicic vol-
canoes (Eichelberger, 1995). Such low frequency events have been observed at volcanes
including Galeras volcano (Fischer et al., 1994) and Soufriere Hills Volcano, Montserrat

(Neuberg et al., 1998).

1.6 Moment tensor inversions

Most quantitative investigations into the focal mechanisms of seismic signals have been
based on the assumption that earthquakes are caused by shear faulting. However, the
representation of non-double couple sources is of pivotal importance for investigating
volcanic areas, where the driving forces are thought to be more complex. Information
about the sub-surface processes yielding an earthquake signal can be obtained by com-
paring observed and synthetic waveforms and adjusting the source parameters until a
suitable fit is obtained. This can be done using either a forward or inverse approach.
I will use both forward and inverse techniques to take the study of non-double couple
sources in volcanic settings a step further, and will add a set of new sources to the ex-
isting source catalogue for potential volcanic sources. The sources introduced represent
the first numerical attempt to describe the excitation process of LF volcanic seismicity

using spatially extended sources instead of a point source approach.

The seismic moment tensor offers insight into earthquake source parameters as it is
capable of describing volumetric sources such as explosions and implosions as well as

shear dislocation sources, and mixed volumetric and dislocation sources.

1.6.1 The earthquake moment tensor

The seismic moment tensor, M, and its nine force couples M;;,
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Figure 1.5: Explosion sources radiate energy equally in all directions, and are described using
a triple dipole (shown here) as their equivalent body force system.

Mrm M:py sz
M= | My, My, M,y |, (1.2)
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serve as a mathematical description of the forces acting during complex ruptures on
potentially irregular faults. It is expressed by equivalent body forces, which, if acting on
a point source at the earthquake’s hypocentre, would produce the same displacement at
a seismic station as the earthquake itself (Gilbert, 1970). The moment tensor describes
both the source geometry of an event, by a combination of different moment tensor

components, and its size, via the scalar moment, My, of the earthquake.

As M is a tensor, standard tensor operations can be performed on it. Thus, M can
be rotated in order to obtain a diagonal matrix, m, with elements corresponding to
the eigenvalues of M. By decomposing m into its isotropic and deviatoric parts, it is
then possible to gain information about the source mechanisms. The isotropic term
describes any volume change during the earthquake, whereas the deviatoric component
describes the deformation of the body at a stable volume V. An example of the latter
is the so-called CLVD (Compensated Linear Vector Dipole) mechanism, which often

serves to describe volcanic sources and will be further discussed in Chapter 1.6.5.

1.6.2 Isotropic earthquake sources

While many explosions are man made, fluid and gas migration linked to magmatic pro-
cesses, or with sudden phase transitions or metastable minerals, can cause an isotropic

signal naturally. In homogeneous media, the physical processes at the source of an
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explosion differ from those of a conventional earthquake, leading to the exclusive gen-
eration of a P-wave. The initial shock wave expands and diminishes in amplitude until a
point is reached at which deformations are small enough to occur elastically, generating
a spherical P-wave. Other phases such as SV and Rayleigh waves are generated through
P-wave interactions with interfaces in the propagation medium. It should be noted that
pre-existing asymmetric or non-isotropic stress distributions in the subsurface may lead

to the generation of an additional direct S-phase in nature.

My 0 0
M=|0 M o]. (1.3)
0 0 M

For explosion and implosion events the radiation based on the moment tensor is the
same in all directions, all compressional or all dilatational, respectively, and is modeled
using a triple dipole as an equivalent body force system (Fig. 1.5). The moment tensor
comprises three non-zero and equal diagonal terms with a resulting non-zero trace 3My

(Equ. 1.3), which represents a volume change.

1.6.3 Single force

Originally, single forces (SF) (Fig. 1.6) were used to model shear faulting in tectonic
settings. In the 1960s, however, Maruyama (1963) and Burridge and Knopoff (1964)
established that faulting in isotropic elastic media should be represented by pairs of

force couples whose torques cancel each other to conserve momentum.

Fx
—

Figure 1.6: Equivalent body force system for a horizontal single force.

To the present day, single forces remain apparent in addition to the moment tensor
solutions of volcanic seismicity. In volcanoes, SFs are generally linked to mass transfer
or viscous fluid movements (Takei and Kumazawa, 1994), and have been interpreted
as upwelling magma in the volcanic edifice (Ohminato et al., 2006). However, it has
been shown that apparent strong SF components can also be an artifact resulting from

uncertainties in both source location and velocity structure (Ohminato et al., 1998;
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Figure 1.7: Schematic of a pair of force couples, a so-called double couple. Double couples
are the equivalent body force description of shear faulting and are used to model the source
mechanism of high frequency seismic events in volcanic systems.

Chouet et al., 2003; Bean et al., 2008; De Barros et al., 2013).

1.6.4 Double couple (DC)

In tectonic settings, shear faulting is the most common cause of earthquakes (Gilbert,
1984; Lawson, 1908). This type of rupture also finds application in volcanology where
shear faulting is thought to be the cause of high frequency seismic events. The corre-
sponding equivalent body forces for such a scenario are a double couple force system
(Fig. 1.7). One force couple points in the direction of slip on the fault, while the second
force couple is needed to avoid angular momentum on the fault. Due to the presence
of two perpendicular force couples the double couple representation of shear faulting is
ambiguous, and slip on either the fault or its perpendicular auxiliary plane both result

in the same equivalent body forces, and therefore the same seismic radiation.

Earthquake source mechanisms related to volcanic settings, in particular the physical
processes underlying low frequency volcano seismic signals, often deviate from a simple

shear faulting scenario, and non-double couple focal mechanisms have to be considered.

1.6.5 Compensated linear vector dipole

Compensated linear vector dipoles (CLVDs) are one class of non-DC seismic sources.
All but the three diagonal force couples of the moment tensor are zero, with one of
the diagonal terms being —2 times the magnitude of the others. The zero trace of the
moment tensor, where A and u are the Lamé elastic constants, indicates no volume

change:
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Figure 1.8: The compensated linear vector dipole as an equivalent body force system finds
application in volcanic areas.
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This type of earthquake representation finds application in volcanic areas, because
it can explain the seismic records observed in volcanic environments. Two primary
explanations for the nature of CLVD source processes exist. The concept of an inflating
magma dike was introduced by Aki and Richards (1980), and later adapted by Chouet
(1996b) for the idea of an opening fluid-filled crack generating low frequency volcano
seismic events. Most recently, Waite et al. (2008) have interpreted the compensated
linear vector dipole solution as a horizontally dipping, steam-filled crack. The moment

tensor representation for this system is:
0

A0
M=10 X 0 , (1.5)
0 0 A+2u

which can be decomposed into an isotropic and a CLVD component:

A0 0 A+ 2/3p 0 0 —~2/3u 0 0
0ox o0 |= 0 A+ 2/3u 0 + o —2/3. o0
00 A+2u 0 0 A+ 2/3p 0 0 4/3u

(1.6)
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On the other hand, in agreement with equations 1.3 and 1.4, it has been suggested that
CLVDs are due to near-simultaneous earthquakes on nearby faults of different geome-
tries or orientations (Nettles and Ekstréom, 1998). They considered reverse faulting on
cone-shaped ring faults surrounding the magma chamber to explain data from a volcano
in Iceland. The superposition of two double couple sources of different orientations and

with moments My and 2Mj can be expressed as:

My O 0 0 0 0 My 0 0
0 0 0 +]10 -2Mp O =0 -2My, O (1.7)
0 0 —My 0 0 2My 0 0 My

1.7 Soufriere Hills Volcano, Montserrat

The case study described in Chapter 6 focuses on Soufriere Hills Volcano (SHV),
Montserrat, and all modelling parameters for input into the numerical investigations in
Chapters 2 to 4 were chosen to fit values appropriate for this particular volcano. SHV
provides excellent conditions for the study of the source mechanisms of low frequency
events: the volcano has been well monitored since its re-awakening in 1995, and the
extensive seismic network deployed on the island has recorded LF signals consistently
during this period (e.g. Neuberg et al., 2000). This presents a great opportunity to add
to the knowledge on low frequency events in general, and to take advantage of, but also

to complement pre-existing studies based on Montserrat.

1.7.1 Geological background and recent eruption history

Montserrat, West Indies, is a volcanic island located in the northern part of the Lesser
Antilles (Fig. 1.9). Magmatic activity is the result of the subduction of oceanic litho-
sphere of the Atlantic Plate beneath the Caribbean Plate (LeFriant et al., 2004). The
island of Montserrat is small, with maximum dimensions of 10 km (E-W) by 16 km
(N-S). Montserrat has experienced active volcanism for approximately 4.3 Ma, and is
made up of at least three volcanic complexes, with decreasing age from north to south
(Rea, 1974; Harford et al., 2002). SHV in the south of the island is the youngest com-
plex of these volcanic centres and is assumed to have been active from at least 170 ka
to the present (Harford et al., 2002). There is evidence from 40 Ar /3% Ar dating and
morphological studies indicating the existence of at least four former domes and a his-

tory of dome collapse events within SHV (Rea, 1974; Harford et al., 2002).
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Figure 1.9: Geological setting of Montserrat island. The top left inset gives the position of the
Lesser Antilles on the globe, while the lower left inset displays the volcanic arc itself. The red
box indicates Montserrat’s position within the Lesser Antilles. Soufriere Hills Volcano (SHV)
is located in the south of Montserrat island, within the area of increased elevation.

The currently ongoing eruption of SHV began in July 1995 after approximately 340
years of dormancy, and following a period of elevated earthquake activity since 1992
(Young et al., 1998). The magmatic feeder system is believed to transport magma from
about 6 km depth into a 30 m wide conduit in the last few hundred meters below the

surface (Barclay et al., 1998; Watts et al., 2002).

Initially slow extrusion rates steadily increased through 1996 and 1997, culminating in
a lateral sector collapse on 26 December 1997. A period of repetitive Vulcanian explo-
sions followed and resulted in a second dome collapse event on June 25" 1997 (Druitt
et al., 2002). Extrusive phases of lava dome growth have alternated with distinct 1.5-2
year periods of relative quiescence (Wadge et al., 2010), with several major dome col-

lapses in December 1997 (Voight et al., 1998), March 2000 (Carn et al., 2004), July
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2003 (Herd et al., 2003), May 2006 (Loughlin et al., 2007), and February 2010 (Cole

et al., 2010) punctuating these cycles.

1.7.2 Seismicity

Volcano-tectonic earthquakes

As discussed in Chapter 1.3.1, volcano-tectonic earthquakes are one type of volcano
seismic signal that have been observed and studied on numerous volcanoes worldwide.
Montserrat, where VT events with frequencies above 5 Hz and characteristic impulsive
P- and S-wave onsets have been observed and interpreted as brittle failure of the conduit
wall-rocks throughout the entire eruptive history, is no exception. At SHV, VTs have
been used to obtain the local stress conditions of the volcanic system: Roman and
Cashman (2006) and Roman et al. (2008) attempted to link changes in the dominant
azimuth of the P-axis of VT fault plane solutions to magma intruding into a dike below

the edifice.

Rockfall and pyroclastic density flow signals

With episodic dome growth periods and at times high enough extrusion rates to cause
dome instabilities, rockfall and surface flow signals have been one of the most common
seismic signals detected on SHV during the ongoing eruption, with more than 27,000
individual events being recorded in the years 1996 to 1998 alone (Calder et al., 2002). It
is therefore perhaps unsurprising that changes in the rockfall event frequency, dominant
direction and event durations can be well correlated with temporal changes in extrusion
rates (Calder et al., 2005), eruption style (Calder et al., 2002), as well as variations in
speed and direction of the extrusion of dome lobes (Watts et al., 2002). The study
of rockfall signals at Soufriere Hills Volcano has also been shown to provide useful
information to improve and constrain extrusion rate and dome and talus slope evolution
models (e.g. Hale et al., 2009). The waveform characteristics of surface flow signals,
in particular the lack of clear P- or S-wave onsets (Miller et al., 1998a), make event
location using conventional travel time techniques impossible. However, Jolly et al.
(2002) successfully applied an alternative location technique to rockfall signals and
could, by inspecting relative signal amplitudes at several stations, provide invaluable

information on the direction of pyroclastic flows on the flanks of SHV.
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Figure 1.10: Relationship between LF seismicity and tilt at SHV, Montserrat, on 19 May
1997. Dots represent individual events, while colours group event families. Onset and duration
of event families are compared to tilt (solid line) and tilt derivative (dashed lines)recorded of
the same period (adapted from Neuberg et al. (2006)).

Low frequency seismicity

Low frequency seismicity at SHV can be distinguished from other seismic signals such
as VTs or rockfalls, due to its characteristic high-frequency onset and slowly decaying
harmonic codas. The high frequency onset is, however, not always observed, and thus
the identification of events of this type is sometimes misleading and has led to confusion
in nomenclature. Despite these minor differences in waveforms, both types of seismic
signal should, however, be regarded as resulting from the same source processes, with
low frequency (lacking high frequency onsets) and hybrid events simply representing

end-members of a continuum of low frequency seismicity at SHV (Neuberg et al., 2000).

Low frequency events at SHV have been observed to occur periodically, with large
numbers being recorded in the earlier stages of the eruption in 1995-1996 (White et al.,
1998) and 1997-1998 (Neuberg et al., 1998), as well as preceding major explosions such
as on July 29, 2008 (Stewart et al., 2008). During a single eruptive period many hun-
dreds of thousands of low frequency events may occur, with thousands of them taking
place within a few hours (White et al., 1998). In an approach to identify systematic
changes and patterns in the activity of SHV, Green (2005) introduced a classification
scheme that grouped similar events into families or multiplets based on their particular
waveforms. Low frequency event families were found to correlate with deformation and
tilt signals of the volcanic edifice, with the maximum positive derivative of tilt and the

onset of low frequency seismic activity coinciding (Fig. 1.10) (Green et al., 2006; Neu-
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Figure 1.11: Single LF events merge into distinct swarms and, a short time before a dome col-
lapse, into tremor. Observations from Montserrat, station MBGA, vertical component, 25/6/97.
Mlustration taken from (Neuberg, 2000).

berg et al., 2006). With increasing tilt, event families were shown to evolve throughout
the seismic swarm, and ceased once the derivative of the tilt reached a minimum. With
this in mind and taking the tilt derivative as a proxy for the rate of magma movement
in the volcano, Green et al. (2006) concluded that low frequency events must be directly

related to changes in the magma ascent rate within the edifice or conduit system.

The key feature of low frequency events at SHV for this study, however, is the fact that
they occur in swarms which are often observed to precede major dome collapse events
or explosions (Neuberg, 2000) (Fig. 1.11), and that their dynamics can be related to

the magma ascent rate (Hammer and Neuberg, 2009).

1.8 Aims of this study

The primary aim of this study is to improve our understanding of the physical processes
responsible for LF seismicity at volcanoes. This project aims to explore a wide domain
of potential source processes to contribute to the quantitative study of this type of
seismic signal from volcanoes. While most investigations of LF seismicity at volcanoes
have concentrated on the origin of the long period coda of these events, this study aims

to provide a better understanding of the actual excitation process at the source of LF
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seismicity. In particular, the objectives of this study are therefore:

1. To introduce spatially extended sources as possible triggers of LFs. Advancing
from point source descriptions to spatially extended sources will contribute to a

more realistic approach to model the trigger mechanism of LF seismicity.

2. To explore a wide domain of spatially extended sources as possible excitation
mechanisms of LFs. The geometry of a number of spatially extended sources is
developed within this study; seismograms for ring faults, dikes, ring fault seg-
ments, multiple ring faults, as well as sources with time history, were calculated
and analysed to provide a catalogue of potential source mechanisms of LF earth-

quakes for comparison with real data examples.

3. To establish the P-wave radiation patterns of spatially extended sources such
as the ring fault structure which is proposed as the excitation process of low

frequency volcanic signals.

4. To investigate the scale of error introduced when inverting spatially extended
sources using classical moment tensor inversion techniques. Assuming point
sources, as in most moment tensor inversion codes, the actual source mechanism
will not be resolved, but will instead be mapped into a point source description,
introducing a inevitable error into the solution. Here, the consequences this can
have concerning interpretations of observed LF seismicity and its origin are out-

lined.

5. To compare and contrast the quantitative data analysis of synthetic data obtained

within this study with a chosen dataset of LF signals from Montserrat.

1.9 Thesis Outline

Chapter 2 forms the main body of this study. It describes the development of spa-
tially extended sources from classic point source descriptions of the source mechanisms
underlying LF seismicity at volcanoes. Synthetic seismograms are calculated for these
novel sources, and analysed concerning P-waveforms and amplitudes, and compared
to those of a single double couple. The P-wave radiation patterns for ring fault and
dike in both 2D and 3D are derived and described in Chapter 3. Chapter 4 provides a

catalogue of a number of spatially extended sources. These form an excellent collection
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of sources that real data examples can be compared against when investigating their
source mechanisms. In Chapter 5, classical moment tensor inversions of all introduced
spatially extended sources were carried out to evaluate the error that is introduced
into the source solution and interpretation when assuming a point source instead of a
spatially extended source nature. The final data chapter, Chapter 6, presents a case
study of LF seismicity recorded prior to a dome collapse at SHV, Montserrat. Earth-
quake locations as well as moment tensor inversions were carried out for a chosen set of
events. This work is rounded off with an overall discussion of this research in Chapter

7, and some concluding remarks including suggestions for future work in Chapter 8.



Chapter 2

A quantitative approach to

volcano seismic sources

The study of seismic sources and the resulting radiated seismic energy provides insight
into the rupture processes that generate earthquakes. To investigate the source geom-
etry and the earthquake size, amplitudes and waveforms of the radiated seismic energy
are analysed. Synthetically generated seismic waveforms at different distances and az-
imuths allow a quantitative study of the influence of the spatial extent of the source on
the observed waveforms. This provides a deeper understanding of the processes which

generate volcanic earthquakes.

This chapter introduces the basic idea of a spatially extended source mechanism gener-
ating low frequency type earthquakes in volcanic settings. Combinations of two or more
double couple sources are used to derive more complex, but perhaps more appropriate
and realistic, source models for low frequency (LF) earthquakes at volcanoes. The re-
sulting waveforms and amplitudes of such spatially extended sources are analysed and

compared to existing and widely used source classifications.

2.1 Waveform modelling

Different algorithms exist to model the wave field generated by a seismic event. Gen-
erally, the following approaches can be identified: Finite difference and finite element
methods, which have the advantage of enabling the implementation of arbitrary het-
erogeneous media. If wavelengths and flexion of the seismic waves are much smaller

than the geological structure under investigation, ray methods yield more accurate re-

26
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sults. Ultimately, the most accurate results for horizontally layered media are gained
using waveform integration methods which calculate the complete response of a medium
to a seismic impulse. In this study, synthetic seismograms were generated using the
FORTRAN code ‘gseis’ by Wang (1999), which is based on a frequency wavenumber
integration method. The software is part of the open source ‘KIWI Tools’ package

(Heimann, 2011) which can be downloaded from: http://kinherd.org/kiwitools/.

2.1.1 Source time function

By definition the source time function M (t) is the time derivative of the seismic moment
function:
0 0

N = S M) = e (Au(?) (2.1)

where M (t) is the seismic moment function which depends on fault area A and slip

history u(t) (Stein and Wysession, 2003).

Magma ascent within a volcanic edifice can be mathematically described as a step func-
tion, and using the definition above, the source time function for all models presented
in this study is a delta impulse, the derivative of a step function. In fact, the input

wavelet is a half sinusoid approximation to a delta impulse and is described by:

D ¢
2(t) = = sin (W> for0 <t <, (2.2)

where 7 is the duration of the pulse. Figure 2.1 shows the simulated physical motion,
vertical slip along a fault plane, represented by a step function, and its source time

function, the delta impulse. The wavelet duration was 1.0 s for all analyses.

2.1.2 Global model parameters

Most LF seismicity in Montserrat occurs between 1 km and 2 km below the surface,
with a strong cluster of events located at about 1.5 km depth (Green, 2005)(see also
Chapter 6). I do not account for the complexities in the structure of volcanic edifices

in order to avoid effects of path heterogeneities on the waveforms, and hence allow a
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Figure 2.1: 1 Hz half sinusoid approximation to a delta impulse, used as input wavelet in the
modelling, and its integral, representing the simulated physical motion.

concentrated study of the impact of source geometry on the observed seismicity. Based
on this, the source in this synthetic approach was embedded at z = 1.5 km depth,
within a homogeneous halfspace with a velocity structure in the range of estimated
velocities for P- and S-waves (v, and v,) and densities (p) for volcanic settings (Equ.
2.3) (Dziewonski and Anderson, 1981). Quality factor values @, and Qs were chosen
high to disregard attenuation (i.e. @ > 100 (Smith, 2010)). Topography has been

neglected, resulting in a static receiver altitude of 0 m in all cases.

v, =3.5km/s  wy=20km/s  p=2200kg/m®  Q,=1378 Q=600
(2.3)

2.1.3 Algorithm verification

To ensure reliability of the waveform integration approach, a thorough test study was
carried out. For this purpose, a 1 Hz explosion was simulated at 3km depth, and its
radiated seismic energy was modelled at receivers to the north, at 0 degrees azimuth,
in 1 km increments to up to a 10 km epicentral distance. An explosion event as source
mechanism was chosen because only a P-wave but no S-wave is generated, and to study
the P-wave amplitudes and arrivals a separation of the two phases is therefore redun-
dant. The source was embedded in a homogeneous halfspace with input parameters
given in Equ. 2.3. As input moment My = 1.0 Nm was chosen. The resulting synthetic
traces were sampled at 100 Hz to ensure sufficient sampling to catch all frequencies of

interest.

Table 2.1 shows a perfect match between theoretical and picked P-wave arrivals for all
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Source | Epicentral | Hypocentral P arrival | P arrival
depth distance distance (theor.) (picked)
3.00 km | 1.00 km 3.16 km 0.33 s 0.33 s
3.00 km | 2.00 km 3.61 km 0.38 s 0.38 s
3.00 km | 3.00 km 4.24 km 0.45 s 0.45 s
3.00 km | 4.00 km 5.00 km 0.53 s 0.53 s
3.00 km | 5.00 km 5.83 km 0.61 s 0.61 s
3.00 km | 6.00 km 6.71 km 0.71 s 0.71 s
3.00 km | 7.00 km 7.62 km 0.80 s 0.80 s
3.00 km | 8.00 km 8.54 km 0.90 s 0.90 s
3.00 km | 9.00 km 9.49 km 1.00 s 1.00 s
3.00 km | 10.00 km 10.44 km 1.10 s 1.10 s

Table 2.1: Calculated hypocentral distances from epicentral distances between 1km and 10km
and 3 km source depth, corresponding theoretical P-wave arrival times for a P-wave velocity
vp = 9.500 km/s, and picked P-wave arrivals.

distances which, together with the waveform consistency, indicates that this algorithm
produces correct synthetic seismic traces. Advancing from this simple explosion source,
the study of volcano seismic signals requires more complicated models to describe the
physical processes likely involved in exciting the observed seismic signals. In the follow-
ing, a model to simulate seismogenic slip along the conduit walls of a volcanic complex
is derived in an attempt to explain the excitation processes of LF volcanic seismicity,

and its body wave characteristics are examined.

2.2 Development of dike and cylindrical conduit source

models

Neuberg et al. (2006) introduced a conceptual model for the driving forces of LF events
at Montserrat based on experimental and numerical studies (Fig. 2.2). Highly viscous
silicic melts can, under certain circumstances, behave in a solid-like brittle manner
(Alidibirov and Dingwell, 1996; Dingwell, 1996; Webb and Dingwell, 1990), and these
circumstances can be realised in volcanic edifices (Collier and Neuberg, 2006; Gonner-
mann and Manga, 2007; Thomas and Neuberg, 2012). As silicic magma ascends in the
volcanic conduit the ambient pressure drops, allowing gases to exsolve from the magma
and escape, leading to an increase in melt viscosity and a transition from Newtonian
to Non-Newtonian behaviour in the melt (Webb and Dingwell, 1990; Alidibirov and

Dingwell, 1996). Seismogenic brittle failure of the melt then occurs in response to a
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Figure 2.2: Neuberg et al. (2006) proposed that LF events on Montserrat may be triggered
by the failure of magma at a depth where viscosity and strain rates are high enough to result in
brittle behaviour of the melt. In their model, a resonator - the conduit itself - gives the seismic
energy its low frequency content.

build up of high shear stresses and strain rates during the upwards movement of the
magma in the volcanic edifice. The required conditions for brittle failure of magma
in the glass transition are reached at the conduit walls, and within a certain depth
window (Collier and Neuberg, 2006; Neuberg et al., 2006; Thomas and Neuberg, 2012).
The seismic energy is then trapped in the magma column itself as tube waves gener-
ating the long-period coda on the recorded seismograms (Neuberg et al., 2006). The
repeatability of LF events has been attributed to periodic fracturing and healing of
the magma (Gonnermann and Manga, 2003; Tuffen et al., 2003; Kendrick et al., 2014),
which creates a mechanism to explain a rechargeable, non-destructive source process

for LF seismicity (Green and Neuberg, 2006).

Based on this conceptual model, the system under investigation can be described as
either brittle failure on a single but curved fault plane, or simultaneous slip and super-
position along several fault planes representing a dike or conduit. In the following, a
novel approach is introduced by superimposing the wave fields of several point sources
to mimic spatially extended sources, which are understood to be at the source of LF

seismicity at volcanoes.

2.2.1 Ring fault

To model a spatially extended LF source and therefore approach the conceptual model

described in Chapter 2.2, we can consider the approximation of a cylindrical fault



§2.2 Development of dike and cylindrical conduit source models 31

Figure 2.3: Instantaneous slip and accompanying shear failure of a dike, or all around the
edge of a cylindrical fault, is approximated by an octagonal arrangement of 2 or 8 slip surfaces
(segments 1-8),respectively, with upwards movement inside, and relative downwards movement
outside the octagon. Double couple sources are indicated as red dots.

system by an octagonal arrangement of double couples bounding the circumference
of the volcanic conduit, with upwards movement inside the octagon and downwards
movement outside the octagon (Fig. 2.3). The octagon is the shape with the minimum
number of point sources required to mimic slip along a cylindrical fault. It fulfils
the required symmetry features of the cylindrical conduit. The effect of the ring fault
diameter and number of input sources on the resulting waveforms is investigated further
in Chapter 2.4. The resulting waveforms are then a superposition of the seismic traces

generated by individual ring fault segments.

2.2.2 Dike

Two oppositely directed double couple sources are sufficient to simulate the upwards
movement of magma in a dike, realised by slip and brittle failure along the dike walls.
The two double couples are one dike width apart and act simultaneously. Using the
same setup as shown in Fig. 2.3, segments 1 and 8 serve as slip surfaces. The overall
recorded waveform at a given station is then a superposition of the two radiated seismic

waves.

Throughout this work I will use the term ’dike’ to describe two shear dislocation sources
with opposite polarities as defined in this section. This should not be confused with
dike sources from the literature which are often assumed to be crack sources radiating

opening dislocation waves.
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Figure 2.4: Trigonometric relations used to determine the epicentral distance d. and azimuth
o' between segment 2 and receiver. The input parameters for segments 1 and 3 to 8 were
derived accordingly. Note that with a static fault orientation the coordinate system and thus
the relative azimuth to the receiver location will change for each ring fault segment.

2.2.3 Input parameters: spatially extended sources

The seismic modelling approach using ‘gseis’ requires a static fault geometry which
was chosen to be a normal fault with a strike of 90 degrees. To enable the calculation
of all eight individual sources in one model run, the reciprocal relationship between
source and receivers was used, swapping receiver and source, respectively (Aki and
Richards, 1980). Input parameters, such as epicentral distance d, and azimuth ' for
each ring fault segment, are dependent on the ring fault diameter d, which was chosen
as d = 50 m, and changing azimuths « between static source and 8 receivers, by using
basic trigonometry. Fig. 2.4 shows the distance and angular relationships for segment

2. This gives:

. a
sina = — and cosa = —,
,

where 7 is the radius of the ringfault, a lies on the connection between ring fault centre
and receiver; b and a build an isosceles triangle with r, and b is perpendicular to a (Fig.
2.4). The segment epicentral distance, d., from source segment to receiver can then be

determined using Pythagoras’ theorem:

b2+ (de —a)* = d? (2.4)
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Table 2.2: The input parameters for 8 individual segments to simulate an extended ring
fault structure using ‘gseis’. Shown are both segment-receiver distances, d., as well as apparent
azimuths, o/, for receivers at 1 km and 5 km epicentral distance from the centre of the extended
source.

d. = 1km d. = 5km
Segment | d.(km) o Segment | d.(km) o
1 0.985 0° 1 4.985 0°

0.989 314.386°
0.989 45.614°
1.000 269.141°
1.000 90.859°
1.011 224.392°
1.011 135.608°
1.015 180°

4.989 314.878°
4.989 45.122°
5.000 269.828°
5.000 90.172°
5.011 224.879°
5.011 135.121°
5.015 180°

OO O = | W[ N
||| O = | W N

to find d,:

de = /0? + (d, — a)? (2.5)

where d. is the epicentral distance of the ring fault centre to receiver. Inserting the

following trigonometric functions for segments 1 to 4 and 5 to 8, respectively,

(31_4 = arcsin (dcd_ a> B5_g = arcsin (dc(;_ a> ,

yields the apparent segment-station azimuth o' for input into ‘gseis’. For segment 2

this gives:

ab = 180° — B — (180° — 90° — ). (2.6)

By keeping the fault orientation unchanged, but adapting the trigonometric functions to
each individual case, the epicentral distances and azimuths for the remaining segments
can be determined accordingly. Table 2.2 shows the input parameters calculated for a

receiver at real azimuth « = 0° and epicentral distances d. = 1 km and d. = 5 km.



§2.3 Comparison of simple and complex source mechanisms 34

To simulate a spatially extended source, the waveform contributions of each segment of
the structure under investigation were generated individually and subsequently linearly

stacked, simulating the superposition at the receivers.

2.3 Comparison of simple and complex source mechanisms
2.3.1 Amplitudes

The study of seismic wave amplitudes has proven advantageous in providing valuable in-
formation on earthquake source mechanisms. Different sources radiate seismic energy
of varying intensity in different directions, and therefore generate different radiation
patterns. Standard approaches in seismology are mostly based on the study of point
sources. The interpretation of volcano seismic sources has almost exclusively focused
on double couples. However, the physical source mechanisms underlying volcano seis-
mic sources, and LFs in particular, are thought to be more complex than simple shear
failure, and therefore require the study of sources beyond single double couples. The
quantitative study of spatially extended sources such as the ring fault described in

Chapter 2.2.1 is a novel approach to solving this, and lies at the core of this project.

To establish the importance and consequences of fundamentally changing the nature
of the source, by advancing from point to spatially extended sources, the waveform
attributes of both mechanisms are examined and compared. The P-wave radiation
patterns for such spatially extended sources compared against well known point source
radiation patterns will be discussed in detail in Chapter 3. Here, a synthetic approach,
where the source characteristics are known, is used to determine amplitude ratios be-
tween point and spatially extended source mechanisms, and how these change with
changing epicentral distances and azimuths between source and receivers. In particu-
lar, the resulting maximum P-wave amplitudes of simple shear faulting represented by
a single double couple, and those resulting from a CLVD source, are compared to those

of both dike and ring fault for a number of receiver locations.

To ensure a quantitative comparison, the input parameters were kept constant for all
source scenarios. The source at depth z =1.5 km was embedded in a homogeneous half-
space as described in Chapter 2.1.2. The input moment for each ring fault segment

was fixed to My = 1Nm, so that the overall ring fault input moment M(?F matched
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Figure 2.5: Receiver network for synthetic study. The red star indicates the extended source.
Receiver locations were chosen to ensure good epicentral and azimuthal coverage. 12 stations
were therefore located at 1 km, 3 km, and 5 km epicentral distances in the four cardinal
directions.

that of the double couple and CLVD scenarios: M(?F = MODC = MOC LVD — 8 Nm.
Equivalently, MODIKE = M(PC = MOCLVD = 8 Nm, yielding My = 4 Nm for each dike
segment. Based on the empirical relationship between seismic moment and magnitude
Hanks and Kanamori (1979), an input moment of My = 8 Nm corresponds to an earth-
quake magnitude of M,, = —5.3. While the chosen seismic input moment is too small
for realistic scenarios, the results gained in this study can be translated into greater
magnitudes by scaling the obtained P-wave amplitudes. Synthetic seismograms were
calculated for a receiver network consisting of 12 stations: 3 each at the cardinal points

at 1 km, 3 km, and 5 km epicentral distances (Fig. 2.5).

Ring fault

Synthetic velocity seismograms were generated for the ring fault and a northwards
striking fault for comparison (Fig. 2.6). All sources were at 1.5 km source depth, with
receiver locations at 1 km, 3 km, and 5 km epicentral distances, and varying azimuths
to investigate the dependence of maximum P-wave amplitudes on both epicentral dis-

tance and azimuth.

P-wave amplitudes for receivers at 1 km, 3 km, and 5 km epicentral distances are

summarised in Table 2.3. Maximum P-wave amplitudes and resulting amplitude ratios
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Figure 2.6: Comparison of ring fault (left) and normal fault (right) P-waveforms, for a source
at 1.5 km depth and a receiver at 5 km epicentral distance and o = 90°. The normal fault
P-wave represents a 2-sided non-zero phase Kiipper wavelet (Kiipper, 1985), while the ring fault
waveform resembles a Ricker wavelet (Ricker, 1953).

Table 2.3: Azimuthal dependence of ring fault vertical ground velocity with receivers at 1 km
and 5 km epicentral distances. It can be clearly seen that for a given epicentral distance the
maximum observed ground velocity is unaffected by the receiver azimuth.

Source Azimuth | Ring fault | Ring fault | Ring fault
depth (km/s) (km/s) (km/s)
(dc =1km) (d. =3km) (d. =5km)

1.5 km 0° 3.316 x 10717 [ 1.635 x 10717 | 5.522 x 10~18
1.5 km 10° 3.316 x 10717 [ 1.635 x 10717 | 5.522 x 10~18
1.5 km 20° 3.316 x 10717 ] 1.635 x 10717 | 5.522 x 10718
1.5 km 30° 3.316 x 10717 [ 1.635 x 10717 | 5.522 x 1018
1.5 km 40° 3.316 x 10717 | 1.635 x 1017 [ 5.522 x 10~ 1®
1.5 km 50° 3.316 x 10717 | 1.635 x 1017 [ 5.522 x 10~ 1®
1.5 km 60° 3.316 x 10717 | 1.635 x 1017 [ 5.522 x 10~ 18
1.5 km 70° 3.316 x 10717 | 1.635 x 10717 | 5.522 x 10718
1.5 km 80° 3.316 x 10717 [ 1.635 x 10717 | 5.522 x 10~ 18
1.5 km 90° 3.316 x 10717 [ 1.635 x 10717 | 5.522 x 10~ 18
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between normal fault and ring fault at z = 1.5 km source depth and 5 km epicentral
distance are summarised in Table 2.4, where receiver azimuths were varied from o = 0°
to a@ = 90°. The normal fault vertical ground velocity is zero at its nodal plane at
a = 0° azimuth, and exceeds that of the ringfault for receivers at azimuths a > 20°,

steadily increasing to a maximum of -1.376x10~'" km/s at a = 90° azimuth.
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Figure 2.7: P-waveforms of a 1.5 km deep, 50 m wide ring fault. Receivers were located at 5
km epicentral distance and at azimuths o = 10° to @ = 40°. The waveforms do not show any
dependence on receiver azimuths.

The radiated seismic energy from the ring fault source does not show this azimuthal
dependence, resulting in a constant P-wave amplitude of —5.522 x 10~'® km/s for all

azimuths (see also Figs. 2.7 and 2.8).

Consequently, the amplitude ratio between point source and spatially extended source
changes with changing azimuth. At o = 90°, where the observed normal fault vertical
ground velocity is greatest, the amplitude ratio reaches a maximum of 3.5:1, indicat-
ing that for constant input parameters across sources the observed maximum P-wave

amplitude of a normal fault is more than 3 times that of the ring fault.
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Figure 2.8: P-waveforms of a 1.5 km deep, 50 m wide ring fault. Receivers were located at 5
km epicentral distance and at azimuths a = 50° to o = 80°. The waveforms do not show any
dependence on receiver azimuths.

Dike

The superposition of two oppositely directed double couple sources describes the mod-
elling approach of seismogenic magma ascent within a dike. To simulate slip along a
EW striking dike, ring fault segments 1 and 8 were modelled to act simultaneously,
producing wave trains whose superposition results in the seismicity of the dike struc-
ture. Body wave seismograms were produced for stations in 1 km, 3 km, and 5 km
epicentral distances to the north, east, south and west of the event location. Fig. 2.9

shows the resulting dike P-waves at four stations at 5 km epicentral distance.

Both wave amplitudes and waveforms change with relative dike-receiver locations. For
this EW striking dike, pairs of observed amplitudes to the east and west, as well as
to the north and south of the source, are identical, with maximum vertical ground
velocities of —3.112 x 107! km/s and 9.425 x 1072 km/s, respectively. Since the

overall waveforms are obtained by the superposition of two point sources, maximum
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Table 2.4: Maximum vertical ground velocity and resulting amplitude ratios between normal
fault and ring fault for varying receiver azimuths and fixed source depth and epicentral receiver
location. The maximum observed ground velocity generated by the northwards striking normal
fault is zero at its nodal plane at o = 0° and increases to its maximum at o = 90°. The
ring fault does not show this azimuthal dependence and the resulting P-wave amplitudes are
identical at all azimuths.

Source Epicentral | Azimuth | Normal Ring fault | Amp. ratio
depth distance (°) fault (km/s)

(km/s)
1.50 km 5.00 km 0 0 5.522x 1071 | N/A
1.50 km 5.00 km 10 3.357x107 18 | 5.522x 107 % | 0.56:1
1.50 km 5.00 km 20 6.613x10718 | 5.522x 10718 | 1.10:1
1.50 km 5.00 km 30 9.667x107 1% | 5.522x 10718 | 1.61:1
1.50 km 5.00 km 40 1.243x10717 | 5.522x 1018 | 2.06:1
1.50 km 5.00 km 45 1.376x10717 | 5.522x 10718 | 2.28:1
1.50 km 5.00 km 50 1.481x10717 | 5.522x 10718 | 2.59:1
1.50 km 5.00 km 60 1.674x10717 | 5.522x 1018 | 2.78:1
1.50 km 5.00 km 70 1.817x10~ 17 | 5.522x 10~ 18 | 3.02:1
1.50 km 5.00 km 80 1.904x10~ 17 | 5.522x 10~ 18 | 3.16:1
1.50 km 5.00 km 90 1.933x10°17 | 5.522x 10~ ® | 3.5:1

amplitudes strongly depend on whether individual wave trains arrive at the receiver in,
or out of phase, which in turn depends on the dike width d. The P-wave generated by
segment 1 reaches station N5 At earlier than the oppositely polarised P-wave generated
by segment 8, causing a slight phase shift corresponding to different travel times, which
results in the waveform displayed on the left hand side of Fig. 2.9. The same happens
at station S5, but with the P-wave generated by segment 8 being recorded At before

that from segment 1.

Stations E5 and W5 lie in the same relative location to the dike, and therefore produce
identical waveforms. Both wave trains reach the receiver at the same time, with the
same polarities, and as a result constructive interference takes place, yielding double

the maximum vertical ground velocities as a single segment.
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Figure 2.9: P-waveforms of a 1.5 km deep dike. Receivers were located at 5 km epicentral
distance to the north, east, south and west (N5, E5, S5, W5). Due to the same relative source-
receiver locations to the E and W, and N and S, respectively, the observed P-waveforms and

amplitudes at these station pairs are identical.

The overall observed P-wave amplitudes of the dike are smaller than those of the ver-
tically dipping, northwards striking fault. This is partly due to the spatial extent of
the dike, introducing a difference in travel times of the generated seismic waves, and
therefore resulting in partial destructive interference. However, constructive superpo-
sition takes place at E5 and W5, yet relative source receiver locations of EW striking
dike segments yield overall smaller vertical ground velocities of the extended source

compared to the northwards striking single fault.

Compensated linear vector dipole

The compensated linear vector dipole (CLVD) (see also Chapter 1.6.5) is an equivalent
body force system which is often discussed in connection with the excitation processes
of low frequency signals in volcanoes (Chouet, 1996b; Waite et al., 2008). To model
such a source, input parameters were chosen as outlined in Chapter 2.1.2, and the

selected input moment My =8 Nm enables comparison with the seismicity generated
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by other sources under investigation in this chapter. The P-waveforms produced by

such a non-DC source at receivers at bkm epicentral distance can be seen in Fig. 2.10.
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Figure 2.10: P-waveforms of a 1.5 km deep CLVD source. Receivers were located at 5 km
epicentral distance to the north, east, south and west (N5, E5, S5, W5). The traces for such a
non-DC source show no dependence on receiver azimuths, and have maximum vertical ground
velocities of —2.874 x 10717 km/s.

Similar to the ring fault P-waveforms, the resulting CLVD body wave seismicity does
not show a dependence on receiver azimuth, which leads to identical observed traces in
all four cardinal directions (Fig. 2.10). However, there is no resemblance between CLVD
and ring fault P-waveforms themselves. While the ring fault P-waves resemble Ricker
wavelets (Fig. 2.6), CLVD P-waves hold Kiipper-like wavelet characteristics. With
—2.874 x 10717 km /s maximum P-wave amplitudes, CLVD amplitudes greatly exceed
those of the ring fault structure (-5.522 x 107!® km/s; Chapter 2.3.1). Furthermore,
the independence on receiver azimuths of both ring fault and CLVD source yields a
constant P-wave amplitude ratio of RF:CLVD= 1 : 4.77 (477%) at 5 km epicentral

distance.
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2.3.2 Waveforms

Due to the spatial extent of the source under investigation the released seismic energies
reach the receiver at times At apart and are therefore partially phase shifted when
superimposed. Despite the waveforms of individual segments representing those of a
shear dislocation source, by advancing from a single point to an extended ring fault the
waveform of the superimposed solutions deviates from that of a single double couple,

producing a time derivative of the original (see Fig. 2.6).
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Figure 2.11: Normalised vertical ground displacement waveforms for a double couple, its

derivative, and the ring fault structure, which is identical to the double couple derivative (bot-
tom and middle traces).

time

The P-waveforms of a single double couple, its derivative, and the P-waveform of the
ring fault structure are shown in Fig. 2.11. The latter is identical to the double couple
derivative. This derivative is introduced by the nature of the source: the total observed
seismic energy at a given seismic station is a result of a superposition of individual
seismic waves generated a distance Ad apart from each other. This spatial difference

yields an arrival time delay At between single segment contributions and the overall
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seismic wavefield, causing an effect equal to a time derivative of the signal f:

df _ f() = f(t+ A1)
dt At

(2.7)

The vertical ground velocity synthetic seismograms for the ring fault source and re-
ceivers at common azimuth and 1 km, 3 km and 5 km epicentral distances deviate from
each other in amplitudes only (Fig. 2.12), demonstrating that changes in epicentral
distance between source and receiver leave the shape of the ring fault waveforms in an

elastic medium unaffected.

ring fault, E1 ring fault, E3 ring fault, E5

3e-17 F F

2e-17 o Foo

1e-17 | F F

N

—1e-17 S L

-2e-17 1 oo Foo

vert. ground vel. (km/s)
o

-3e-17 A L I

1.25 1.50 1.751.25 1.50 1.751.25 1.50 1.75
time (s)

Figure 2.12: Vertical ground displacement waveforms for the ring fault structure at stations
to the East in 1 km, 3 km, and 5 km epicentral distance. The waveform shape stays unchanged
while an expected amplitude decrease with distance can be observed.

Furthermore, due to its azimuthal independence, the observed body waveform also stays
unaffected by a change in receiver azimuth. Synthetic seismograms were generated for
0° to 90°. The first arrival waveforms at all azimuths are identical and representative

waveforms at 10°, 60°, and 80° can be seen in Fig. 2.13.

2.4 Dependency of waveforms on the source geometry

It is the main challenge of volcanology to improve our understanding of volcanic com-
plexes as such, and the physical processes that lead to eruptions. Despite many years of
multi-disciplinary endeavours, the scientific community has not succeeded in drawing a

detailed picture of the sub-surface structure of volcanoes. Properties such as the shape
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Figure 2.13: Azimuthal dependence of the ring fault waveforms for three receiver locations:
5km epicentral distance and top: azimuth o = 10°; middle: azimuth a = 60°; and bottom:
azimuth o = 80°. It can be clearly seen that for a given epicentral distance the observed wave
shape is unaffected by the receiver azimuth.

and extent of the conduit system are known in only a few cases, and these uncertainties

need to be taken into account when attempting to model the complexity of volcanoes.

Here, the effect of conduit diameter changes on the resulting waveforms is investigated,
assuming slip along a cylindrical ring fault as the trigger of LF seismic signals. Further-
more, the validity of approximating a cylindrical fault with an octagonal arrangement
of 8 double couples is tested by increasing the number of point sources used to build the
ring fault to 16 and to 32, and comparing the resulting waveforms to the ones obtained

earlier in this work (Chapter 2.3).

2.4.1 Number of point sources

To show that an octagonal arrangement of double couples is sufficient to approximate
the trigger of LF seismicity at volcanoes as suggested by Neuberg et al. (2006), slip

along the ring fault structure was modelled using increased numbers of point sources. To
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retain the symmetry properties of the source with increased numbers of point sources,
the ring fault structure was approximated using 16 and 32 simultaneously acting double

couples, whose geometric arrangement can be seen in Figs. 2.14 and 2.15. To enable

Figure 2.14: Ring fault approximation
using 16 point sources. Upwards movement
takes place inside, and relative downwards
movement outside the conduit. 16 simulta-
neously acting double couple sources form
the spatially extended source under inves-
tigation.

Figure 2.15: Ring fault approximation
using 32 point sources. Upwards movement
takes place inside, and relative downwards
movement outside the conduit. 32 simulta-
neously acting double couple sources form
the spatially extended source under inves-
tigation.

good comparison with the octagon, all input parameters but the number of simultane-
ously acting point sources were kept constant: double couple sources were embedded
in 1.5 km depth in a homogeneous medium with a velocity structure as presented in
Chapter 2.1.2 of this chapter. Twelve receivers were placed at 1 km, 3 km and 5 km
epicentral distances, to the north, east, south, and west of the source epicentre. The
source time function was, as in all earlier cases, a half-sinusoidal approximation of a
delta impulse (see also Chapter 2.1.1) with a duration of 7 = 1.0 s. To ensure sufficient
sampling to catch the spatial extent of the source, the signal was over-sampled at 1000

Hz, and subsequently downsampled to 40 Hz.

The resulting P-waveforms can be seen in Fig. 2.16. Shown here are the vertical ground
velocities recorded at 5km epicentral distance, which enables a comparison with the oc-
tagonal arrangement of 8 double couples in Chapter 2.3.1. It can be seen that both
P-wave amplitude as well as waveform stay unchanged in all cases, indicating that 8
double couple sources are sufficient to approximate the spatially extended source. This
is due to the symmetry features of the proposed source, which are fully mimicked by

the symmetry properties of the octagon.
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Figure 2.16: The effect of the number of point sources used to model the spatially extended
ring fault structure. Vertical ground velocities generated by a 50 m wide conduit and recorded
at 5 km epicentral distance are shown for a source built up by 8 (top), 16 (middle), and
32 (bottom) simultaneously acting double couple sources. P-wave amplitudes or shapes stay
unchanged when increasing the number of point sources, proving that an octagonal arrangement
of 8 DC sources is sufficient to model the proposed physical processes.

All spatially extended sources considered in this study exhibit a rotational symmetry.
The P-waveforms obtained are strongly dependent on this feature, and would change
greatly with a change from symmetric to asymmetric source configurations. The effect
on waveforms and amplitudes should be considered in future investigations, and will be
discussed in more detail in Chapter 7. The modelling endeavours here, however, aim
to represent symmetric sources, such as the ring fault structure, and it has been shown
in this previous section that an octagonal arrangement of 8 double couple sources is

sufficient to achieve this.

2.4.2 Source diameter

Although little is known about the geometry of the shallow magmatic feeder system in
volcanoes there are a number of studies investigating their width and complexity. For

Montserrat, Hautmann et al. (2009) suggested a width of 30 m for the shallow parts of
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the cylindrical conduit system. However, other volcanoes also exhibit LF seismicity, yet
estimates for their shallow magmatic conduit diameters differ, with suggested values
for other volcanoes of 18 m at Santiaguito volcano, Guatemala (Sakuma et al., 2008),

to 50 m for Unzen volcano, Japan (Holland et al., 2011).
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Figure 2.17: P-wave vertical ground velocities resulting from a ring fault structure with 30
m, 50 m, and 70 m diameter. Dependent on the diameter the seismic energy from individual

point sources building up the spatially extended source interfere partially negatively to different
degrees. The resulting P-wave amplitudes increase with an increase in diameter.

Whether seismic energy of a number of point sources superposes constructively, par-
tially destructively, or cancels out, depends on the phase difference of individual traces
when arriving at the receiver, which in turn is dictated by the differences in travel times,
and hence the source diameter. It is therefore not surprising that observed P-wave am-
plitudes change with a change in diameter, with example cases of 30 m, 50 m and 70
m shown in Fig. 2.17. The P-wave amplitude increases with increasing source diame-
ter, with the waveform obtained by a 70 m wide cylindrical source showing maximum
P-wave amplitude of —8.187 x 10718 km/s at 5 km epicentral distance. In the d =30
m case the seismic energy radiated from the receiver farthest from the source is almost

congruent, but oppositely directed, with the trace generated by the source closest to the
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receiver leading to cancellation of much of the energy, and comparatively small vertical
ground velocities (P-wave maximum at receiver at 5 km distance: 2.752 x 10718 km/s,
which corresponds to 33.6% of the biggest observed P-wave amplitude). A steady in-
crease in source diameter will ultimately lead to travel time differences greater than
the individual wavelet duration, yielding no superposition of waveforms but instead the

recording of separate wave trains generated by individual segments.

It is therefore important to take into account information on the conduit geometry
when interpreting volcanic seismicity. If disregarded, effects of conduit width may be

misinterpreted, and could lead to highly inaccurate evaluations of the state of a volcano.

2.5 Implications of the source nature on the occurring slip

By definition, a seismogram is a convolution of the source, S, Green’s functions contain-
ing information on the path between source and receiver, G, and instrument response

of the recording seismometer, R:

Seismogram = S * G * R, (2.8)

In synthetic studies the link between observed seismogram, source, path effects and
instrument response is immensely simplified compared to real event data as both path
and instrument response are known and can be kept constant. Amplitude changes can
thus be directly linked to changes in the source. Therefore, the implications of changing
the source nature from point to spatially extended source on the source parameters can
be inferred from the synthetic seismogram amplitude ratios. The observed seismic
amplitudes for double couple source and ring fault were generated using 1/8 of the
double couple slip surface for each ring fault segment, so that the total slip surfaces
Apc = Agrr and input moments Mpc = Mgrr = 8Nm of point and spatially extended

source were equal. The resulting amplitudes can be described as:

Seispc = Mpc *G * R (2.9)

and
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8
Seispr = »  Mpc,i* G * R (2.10)
=1

Using the classic definition of the seismic moment for a double couple source:

M = pAd, (2.11)

where p is the rigidity, A the fault slip area, and d the amount of slip, and considering
equal overall input moments for ring fault and normal fault and constant slip surfaces

A across source models we get an amplitude ratio of:

Seispc  (uAdpc) * G * R
Seispr  (pAdgr) *>.Gi x R

(2.12)

The instrument response, rigidity and slip area are the same for both and cancels out,

which leaves:

SeisDc dDC G
= *
Seispp drr .G

(2.13)

For the two sources under investigation to result in the same seismic amplitude (am-
plitude ratio 1:1), the amount of slip along a ring fault would therefore have to be a
factor of up to 3.5 bigger than that of a point source, assuming constant rigidity and
area on which slip occurs. This becomes especially important when interpreting seismic
data of an active volcano, where the main motivation is to extract information such as
magma ascent rates from the observed seismograms. Once the recorded seismograms
are free of instrument response and path effects, the remaining waveforms are purely
due to source processes. The comparison of the residual seismograms to synthetically
generated waveforms then allows the extraction of vital information on source charac-
teristics. This is possible because in the synthetic case all source parameters such as
input moment and source depth, as well as the seismic amplitudes and waveforms they
result in at a given station, are known. By matching observed and synthetic maximum

amplitudes, the input parameters of the best fit model can then be linked to the real
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case.

The differences in resulting maximum amplitudes caused by different synthetic model
geometries emphasise the need to understand the source mechanisms of LF volcano
seismic events. Special care must be taken when linking waveform amplitudes to slip
at depth, as amplitude-slip conversion for a point source results in much smaller slip
distances than for the ring fault structure. The exact slip difference depends on the re-

ceiver location, as amplitude ratios change (see Chapter 2.3.1) with receiver azimuths.

It should be mentioned that this study was carried out assuming a common relation-
ship M = pAd (see Equ. 2.11) between slip and associated input moment along both,
DC and RF sources. Due to the spatially extended nature of the ring fault structure a
higher order slip - seismic moment link is, however, should be taken into consideration

in future investigations.

2.6 Discussion and Summary

The possibility of an extended source as the mechanism generating low frequency vol-
cano seismic events has been investigated in a novel quantitative numerical approach.
Both amplitudes and waveforms were considered in comparing the existing and com-
monly used source mechanisms to the novel and more realistic extended source that

was developed within this study.

In Chapter 2.2, a crucial step towards the understanding of low frequency seismicity
at volcanoes was taken by advancing from commonly used point sources to spatially
extended source structures. Such a spatially extended source, i.e. the ring fault, resem-
bles the proposed conceptual model introduced by Neuberg et al. (2006) much better

than any previous attempts.

The results in Chapter 2.3 show that there are fundamental differences between point
and extended source maximum P-wave amplitudes and waveforms. While source pa-
rameters, velocity model and receiver locations were kept constant, dike and ring fault
consistently resulted in smaller amplitude seismic motions than DC and CLVD sources,

except at receiver location azimuths close to the normal fault nodal planes. Addition-
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ally, the radiated seismic energy created by a ring fault structure does not show a

dependence on receiver location azimuth (2.18).
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Figure 2.18: P-waveforms of a 1.5 km deep, 50 m wide ring fault. Receivers were located at
5 km epicentral distance to the north, east, south and west (N5, E5, S5, W5). The waveforms
do not show any dependence on receiver azimuths.

Fig. 2.11 outlines the differences in waveforms between point and spatially extended
sources, specifically the introduction of an extra time derivative of the observed wave-
forms. A severe consequence of (incorrectly) assuming a double couple source instead of
the ring fault would result in the wrong time history of slip, meaning that the upwards
movement of a magma batch, for example, would be misinterpreted as initial upwards

followed by downwards movement of the magma.

Since changes in the source diameter of extended sources change both P-waveform
amplitudes and shapes (Chapter 2.4.2) it becomes clear how important further inves-
tigations into the conduit geometry of individual volcanic edifices are in order to take

further steps towards accurate forecasting of eruption dynamics.
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The findings of Chapter 2.5 become especially important when interpreting seismic
data recorded on the flanks of an active volcano. Based on the conceptual model by
Neuberg et al. (2006), LF seismicity gives insight into the speed that magma rises in
the conduit. Linking event amplitudes to magma ascent rates is therefore crucial for
successful eruption forecasting. Point and extended source models with common to-
tal input moments yield great differences in observed P-wave amplitudes, leading to
remarkable differences when interpreted as amount of slip and slip rates. It is there-
fore especially important to understand the source nature when attempting to estimate
magma ascent rates from LF seismic events at volcanoes. In particular, observed am-
plitudes using the point source approximation, when in reality a spatially extended
source acts at depth, yield an underestimation of actual slip by more than a factor of
3. Ultimately, this leads to an underestimation of the magma ascent rate, which could

have important consequences for eruption forecasting.

To investigate this advancement from point sources to spatially extended sources fur-
ther, the P-wave radiation patterns for both ring fault and dike structures are derived
and discussed in Chapter 3. Waveforms resultant from the spatially extended sources
in this chapter are used to carry out a moment tensor inversion study in Chapter 5, to
investigate the implications of incorrectly assuming point sources during attempts to

resolve the excitation processes from full waveform inversions.



Chapter 3

Radiation patterns of spatially

extended seismic sources

The pattern of radiated seismic waves depends on the source geometry, and thus seis-
mograms recorded at various locations away from the source can be used to derive
the geometry of faulting during an earthquake. The study of first motions or polarity
(direction) of body waves represents a simple but powerful technique to enable first
order assumptions on the source structure (Aki and Richards, 1980). Using seismic
source theory the amplitude radiation patterns for P- and S-waves radiated from the
source can be derived and allow further conclusions about the source geometry (Aki
and Richards, 2002). Radiation patterns for numerous source geometries exist (e.g.
Julian et al., 1998). However, conventional radiation patterns are defined for point
dislocation sources only, e.g. simple shear faulting along a fault described by a double
couple source. In volcanic settings, where source geometries of earthquakes are thought
to be more complex, observed first motions and radiation patterns often do not conform

with those of simple point dislocation sources.

In this chapter, existing fault geometries, their first motions and body wave radiation
patterns are used to develop the P-wave radiation pattern for a more advanced and
realistic spatially extended volcanic source mechanism (see Chapter 2.2). Based on
seismic source theory the ring fault radiation pattern in 2D and 3D is constructed as a
combination of an infinite number of point sources arranged in a circle. The resulting
P-wave radiation pattern for this spatially extended source is discussed and in a second
step compared to conventional radiation patterns. The ring fault structure is consid-

ered as a likely candidate for the source of low frequency events at volcanoes, and the
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deduction of its radiation pattern will contribute to developing the full potential of LF's

as a forecasting tool.

3.1 First motions

At present, considerations of first motions and radiation patterns have almost exclu-
sively been limited to seismic energy released from point sources. As the P-wave is
the first wave to arrive at a seismic station its polarity is often easier to identify than
that of later phases. As a consequence, most approaches choose the direct P phase and
use the fact that the polarity of the first P-wave arrival varies with direction from an
earthquake to explore the fault geometry of an earthquake source. For a given fault
geometry, the direction of first motion at a given station can either be compressional
(material near the fault moves towards the station) or dilatational (material near the
fault moves away from the station), and whether the first motion on a seismogram is a
push (upwards movement on a vertical-component seismogram) or a pull (downwards

movement, respectively) will therefore change with receiver azimuth.

Since the overall radiation pattern depends on receiver location, source orientation, and
the direction of slip along the fault, it is important to clarify the coordinate system
used. This study follows the suggestions of Stein and Wysession (2003) who introduced
two frameworks. They state that in some cases it is most useful to define the source
with respect to the fault, where the x; axis aligns with the strike direction of the fault
on which slip occurs, the z3 axis points upwards, and x5 is perpendicular to x; and
x3. The angle of dip, J, defines the fault orientation with respect to the surface. xy is
arranged in such a way that the dip measured from the —xy axis is less than 90°. The
slip angle, A, represents the direction of motion. It is measured counterclockwise in the
fault plane from the z; direction, describing the motion of the hanging wall block with
respect to the foot wall block (Stein and Wysession, 2003). To place and orient this
coordinate system relative to the geographic coordinate system, the fault strike ¢ is
defined as the angle in the plane of the Earth’s surface measured clockwise from north
to the fault plane (x; axis). Fig. 3.1 shows all relations between these angles and the

coordinate system.

An alternative, and in some cases more useful, coordinate system uses geographic co-
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Fault plane

Figure 3.1: Fault geometry used in earthquake studies. Only the foot wall block is shown.
The slip vector d lies 90° from the normal vector i and defines the motion of the hanging wall
block with respect to the foot wall block. The coordinate axes x1, x2 and z3 for a coordinate
system oriented in respect to the fault geometry are displayed, as well as slip angle A and strike
¢ to define the direction in which slip occurs and the fault orientation, respectively (Stein and
Wysession, 2003).

ordinates: X points north, ¥ points east, and Z points up (Stein and Wysession, 2003).

The unit normal vector to the fault plane is then:

—sindsingy
n = | —sindcos ¢y |, (3.1)

cosd

and the slip vector, a unit vector in slip direction, is given by:

cos A cos ¢y +sin Acosdsin ¢
d= —cosAcos ¢y +sinAcosdsingy |, (3.2)

sin A\ sin &

Once determined, fault plane solutions for first motions can be represented by focal
spheres. The focal sphere is established by projecting compressions and dilatations
according to where source-receiver paths intersect the lower hemisphere onto an imag-
inary, spherical shell enveloping the earthquake source region (Stein and Wysession,
2003). By plotting the lower hemisphere of the focal sphere onto a plane via stere-
ographic projection one obtains the traditional representation of focal mechanisms
(‘beach ball’). The P-wave first motions for slip along a vertically dipping fault are
illustrated in Fig. 3.2. One compressional and one dilatational area can be identified.

The change from compressional to dilatational first motion results in areas with small
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Figure 3.2: First motions of P-waves radiated from a vertical dip slip source. At seismometers
located in various directions about the earthquake either a positive (compression) or negative
(dilatation) first motion would be observed. Areas with zero radiated seismic energy, the so-
called nodal planes, identify the fault plane and its corresponding auxiliary plane. Modified
after Stein and Wysession (2003).

Figure 3.3: Focal mechanism for a vertical dip-slip earthquake on an N-S striking fault. right:
front view sketch indicating the motion along the vertically dipping slip surface; left: Lower
hemisphere projection of motion. Black areas indicate compressional first motion.

or zero first motions called nodal planes. Here, this division occurs along the fault plane
and the plane perpendicular to it, the auxiliary plane. Yet there is an ambiguity in
identifying the fault plane on which slip occurred, from its orthogonal, mathematically
equivalent, auxiliary plane, and the study of first motions alone is therefore not suffi-
cient to distinguish between the two. Additional information such as the orientation of
pre-existing faults is often taken into account and proves to be useful in determining

the actual fault geometry under investigation in a tectonic setting.
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Figure 3.4: z; — z3 plain view of the fault geometry and motion along a vertically dipping
dip-slip fault, represented by the equivalent body forces of a vertical dip slip fault: a pair of
force couples acting about the null axis.

3.2 Body wave radiation patterns

Body wave radiation patterns are determined using equivalent body forces to the actual
physical motion (see Chapter 1.6.1). It is important to keep in mind that they only
provide a partial picture and serve as a first step in constraining specific parameters,
while additional geological and geophysical data are often taken into account in order
to draw meaningful conclusions about the detailed rupture processes. In the next few
sections the body wave radiation patterns for the most common equivalent body forces
are outlined. They provide the knowledge required to derive the P-wave radiation

pattern for the ring fault structure.

3.2.1 Double couple

Because the radiation patterns of double couple (DC) sources hold a natural symmetry
about the fault plane they are normally considered in a coordinate system oriented
along the fault. For vertical slip along a vertically dipping fault, the slip vector is
parallel to the x3 axis. The fault plane lies in the x5 — z3 plane, so it is normal to
the x; axis (Fig. 3.4). As mentioned before, radiation patterns vary with varying
receiver locations. To illustrate this variation, consider the radiation field in spherical
coordinates, where 6 is measured from the x3 axis and ¢ is measured in the horizontal

x1 — x2 plane. Seismic source theory shows that the far field displacement at a distance
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X axis

Figure 3.5: P-wave radiation pattern for a double couple source. It has four lobes, two
compressional (red) and two dilatational (blue). The radiated seismic energy is zero at the
nodal planes (fault plane xzo — z3 and auxiliary plane z7 — z3), and maximum amplitudes
midway between the two.

r due to compressional waves in a medium with P-wave velocity v, is given by (Aki

and Richards, 2002):

_ 1
" dmpvdr

M(t — 7/vp) sin 20 cos ¢ (3.3)
noting that in a homogeneous medium the displacement resulting from such a wave will
only be radiated in the radial direction (Aki and Richards, 2002). Equ. 3.3 consists

of three terms: the first, reflects the far field amplitude decay of 1/r. The

dmpvdr’
second term, in which M is the source time function as defined earlier in Chapter 2.1.1,
describes the energy pulse radiated from the fault which propagates away from the
source at P-wavespeed v, and arrives at distance r and at a time ¢ — r/v,. The final
term in Equ. 3.3 determines the actual shape of the double couple P-wave radiation
pattern. This term, sin 20 cos ¢, defines four lobes, with two being compressional and
two dilatational, with nodal planes along fault (6 = 90°) and auxiliary (¢ = 90°) planes

where displacement is zero. This results in the P-wave radiation pattern that can be

seen in Fig. 3.5, with maximum amplitudes midway between the nodal planes.
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3.2.2 Compensated linear vector dipole

The P-wave radiation pattern for non-DC sources cannot be derived from first mo-
tions alone. Instead, waveform analysis is often used to provide additional information.
Compensated linear vector dipoles (CLVDs) are a class of non-DC seismic sources. As
discussed in Chapter 1.6.5, these are sets of three force dipoles that are compensated,
with one dipole twice the magnitude of the other two. In contrast to the ‘beach ball’
focal mechanisms of DCs, the first motions for CLVDs look like baseballs or eye balls
(Fig. 3.6). Furthermore, the P-wave radiation pattern for a CLVD source consists
of two positive lobes vertically above and below the source, and a ring of dilatational

motion around it (Fig. 3.7). CLVD sources are often used to explain the source mecha-

Figure 3.7: P-wave radiation pattern for

Figure 3.6: Focal mechanism for an ex- a CLVD source. It consists of two positive
ample CLVD source. The P-wave first mo- (compressional, red) lobes directly above
tions create a radiation pattern that looks and below the source, and a ring of negative
like an eyeball. (dilatational, blue) motion around it.

nisms of low frequency events at volcanoes by a magma dike (e.g. Chouet, 1996b; Waite
et al., 2008). Such a system can be modelled as the opening of a pressurised crack (see
also Chapter 1.6.5). However, this only holds true when a point source mechanism is

assumed to be the driving force of LFs.

In this study, the idea of an extended source mechanism triggering low frequency vol-
canic events is developed. Since spatially extended sources have so far been poorly
investigated, the aim is to convey a better understanding by providing information
which has long been accepted knowledge for point sources for a novel type of source.
In Chapter 2 such a spatially extended source, the ring fault structure, has been in-

troduced, and its P-phase amplitudes and waveforms were discussed and compared to
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Figure 3.8: Geometrical relationship to determine the radiation pattern of a spatially extended
source.

common point sources. Here, the 2D and 3D P-wave radiation patterns for such a ring

fault structure are derived and compared to those of double couple and CLVD sources.

3.3 2D body wave radiation patterns of the ring fault

structure
3.3.1 P-wave radiation pattern

The superposition of several point sources yields a P-wave radiation pattern that differs
from that of a single double couple source. However, each of the 8 sources that build
up the ring fault is represented by a double couple (see Chapter 2.2) and hence the
P-wave radiation pattern of individual segments shows the ordinary P-wave radiation

pattern (Fig. 3.5).

In 2D, where the azimuthal dependence of the radiation pattern is neglected and ¢
is thus kept 0, the ring fault reduces to 2 adjacent DCs. It is therefore sufficient to
consider the superposition of two oppositely located segments (e.g. 1 and 8, Fig. 2.3)
and sum the resulting amplitude A over a circle with the radius R to derive the desired
radiation pattern (Hammer, 2007). Due to opposite orientations of the two double

couples, subtraction of one from the other obtains the overall amplitude A:

A = sin(20;) — sin(26g). (3.4)
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Simple trigonometry (see Fig. 3.8) gives:

x = Rcosf —r (3.5)

Rsinf = xtanb, (3.6)

The ratio between ring fault radius r and hypocentral distance R is defined as ¢:

o distance between DCs

7= R hypocentral distance

(3.7)

. Using this definition, and inserting Equ. 3.5 into 3.6 and solving for #; then results

n:

sin 6 sin 6
91 = arctan <Cos€—|—q> ,98 = arctan (COSH—q) . (38)

Repeating this for the second double couple and inserting yields the superposition of
two double couple sources, projected onto the circle with radius R around the centre

between the 2 DC sources, a distance r apart:
in6 in 6
A =sin |2arctan | ——— ) | —sin |2arctan | ——a"— ]| . (3.9)
cosf + q cosf — q

Figure 3.9 shows the resulting 2D radiation pattern. The 2D radiation pattern consists
of a lobe with compressional first motions directly above the source and a smaller
amplitude negative ring to its sides. Beneath the source, the lobes are of the same
amplitude but oppositely directed. The nodal planes of the ring fault do not, as in the

case of a single double couple, coincide with the fault plane.
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X3

Figure 3.9: 2D P-wave radiation pattern of the ring fault. It consists of a positive (red, first
motions compressional) directly above the source and two smaller amplitude negative rings to
its sides. The lobes beneath the source are of the same amplitude but with oppositely directed
first motions: dilatation (blue) directly below the source, and a ring of compressional first
motions (red) to its sides.

3.4 3D body wave radiation patterns of the ring fault

structure
3.4.1 P-wave radiation pattern

With the basic concept of the ring fault radiation pattern being a superposition of
radiation patterns of several point sources, the 3D P-wave radiation pattern for the
ring fault structure can be determined in the same way as in 2D, but with both 6
and ¢ ranging from 0 to 27w. For the 3D case, the radiation pattern was calculated
by superimposing and summing the amplitudes of the 8 octagon segments, and in
an advanced step the P-wave radiation pattern for a true cylindrical ring fault was

calculated by integrating over the cylindrical fault geometry.

For the octagon, the amplitudes for oppositely oriented segment pairs (see Fig. 2.3)

can be derived using the relations shown in Fig. 2.4:
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Ay = sin |2 arctan ﬂ cos |arctan ﬂ
cosf +q cos ¢+ q

Ag = sin |2 arctan ﬂ cos |arctan M
cosf —q cos ¢ — q

o\ i N
Ay = sin |2 arctan Y ) | cos |arctan sin(¢ + 7/4)
cost + ¢ i cos(¢p+ 7/4) + q
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Ay = sin |2 arctan cos |arctan
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The overall octagon radiation pattern is then gained by summing the eight segment

contributions:

A=A —Ag+ Ay — A3+ Ay — A5 + Ag — Ay (311)

The result can be seen in Fig. 3.10. Above the source, a large compressional lobe can be
identified, while directly below the source is a second lobe with the same amplitude but
opposite polarisation (dilatation). To its sides, the octagon radiation pattern exhibits 8
pairs of compressional - dilatational tongues with very small amplitudes that can only

be visualised when zooming into the source region (Fig. 3.11).

Instead of basic summation of 8 octagon segments it is possible to determine the body
wave radiation pattern of a cylindrical ring fault by numerically integrating over a larger
number of point sources along the fault edges. The ring fault radiation pattern can
then be calculated for each possible combination of # and ¢. The result can be seen in
Fig. 3.12. Again, two big amplitude lobes, compressional above and dilatational below

the source, can clearly be identified. A zoom into the source region discloses one small
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Figure 3.10: 3D P-wave radiation pattern Figure 3.11: Zoom into the source region
of the octagon source distribution of the octagon 3D P-wave radiation pattern

Figure 3.13: Zoom into the source region
Figure 3.12: 3D P-wave radiation pattern of the ring fault 3D P-wave radiation pat-
of the ring fault tern

amplitude ring of dilatational first motions and a second one with matching amplitudes

but opposite polarisation to the sides of the source, correspondingly (Fig. 3.13).

3.5 3D body wave radiation patterns of a dike

If magma ascent occurs in a dike-like structure, the corresponding P-wave radiation
pattern can be calculated by using two oppositely oriented point sources that are the
dike width d apart. In Chapter 2, a detailed waveform analysis for a source of this
nature was carried out. Here, the P-wave radiation pattern is derived and presented in
3D. Note the difference between the 3D treatment of a pair of adjacent DCs and the

previous description in 2D (Chapter 3.3.1).

3.5.1 P-wave radiation pattern

Fig. 3.14 shows the 3D radiation pattern of first P-wave motions as generated by

a dike. The positive (compressional) lobe directly above the source shows that the
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Figure 3.14: 3D P-wave radiation pattern of the dike

dike radiation pattern is not rotationally symmetric about the depth-axis (z3). The
positive lobe exhibits an area of decreased radiated P-wave energy. Located to the side
of the source are two tongues of dilatational first motions, perpendicular to the dike
orientation. Below the source, the radiation pattern features a mirror image of the
described first motions, but with opposite polarisations: a big lobe of dilatational first

P-wave arrivals, and a pair of compressional tongues to the side.

3.6 Comparison with conventional radiation patterns

The step from point to spatially extended source mechanism as the underlying physical
process of low frequency seismic events in volcanoes is a major advancement in the
understanding of this particular type of event and its potential as forecasting tool. To
fully investigate the consequences of this progress it is important to not only derive the
characteristics of such novel sources, but also to compare them against existing point
source models. The P-waveforms and amplitudes of the ring fault and dike structures
were discussed in Chapter 2. Here, the P-wave radiation pattern of the proposed
systems are checked against conventional point source radiation patterns often used to

interpret volcano seismological data sets.

Figures 3.10 and 3.12 illustrate highly similar P-wave radiation patterns for octagon
and ring fault. This is not a surprising result as the numerical integration used to obtain
the ring fault radiation pattern is simply an increase of fault planes from eight for the
octagon to a larger number. The octagon can therefore be seen as a simplification,

possessing the minimum amount of slip surfaces needed to reach the desired symmetry
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Figure 3.15: Schematic radiation pattern through a volcanic edifice for a shallow source

about z that a cylindrical fault exhibits. The ring fault radiation pattern is then the
improved and most precise representation of the seismic energy that would be radiated

by upwards movement of magma in a volcanic conduit.

Although the ring fault is a superposition of simultaneously slipping double couples, a
comparison of the sources’ P-wave radiation patterns does not show any similarities.
While the nodal planes of a double couple are the fault plane and its auxiliary plane,
and therefore depend on the fault orientation, this is not the case for the ring fault
structure. The areas of no direct P-wave radiation depend on ¢ (distance between
DCs/hypocentral distance; Fig. 3.7), but independent of azimuth ¢. When disregarding
attenuation the maximum observed first arrival seismic energy at a given point and the
rate of amplitude decrease with hypocentral distance is dependent on source depth and

ring fault radius/dike width.

In the upper hemisphere, the P-wave radiation patterns of dike and ring fault show a
certain degree of similarity with the CLVD point source radiation pattern: all three
sources generate a lobe of compressional first motions above the source, and show
areas of dilatation to the side (Figures 3.7, 3.12 and 3.14). Figure 3.15 illustrates
the difficulty of capturing the differences between these source geometries from seismic
records in volcanic settings. While in this case a schematic of the ring fault P-wave
radiation pattern is shown in relation to a volcanic edifice, the radiation patterns can

be replaced by those of both the dike and CLVD. Dependent on source depth and
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station distribution first arrival polarities and amplitudes change for all three sources,
complicating the ability to distinguish them from each other. This means that given a
specific geography and station distribution these two fundamentally different physical
processes, ascending magma in the conduit represented by the ring fault model on the
one hand, and an oscillating, subhorizontal fluid filled crack represented by the CLVD
model on the other hand, may result in the same observed first P-wave polarities
(see Chapter 6.3) and indistinguishable amplitudes (see Chapter 7.2). This being the
case, studies of first motion polarities of LF volcano seismic signals that inferred in
CLVD source mechanisms, i.e. Waite et al. (2008), Iguchi (1994), or several examples
summarised in a publication by Miller et al. (1998b), should therefore be revisited. The
radiation patterns found in these cases should be critically assessed by considering the
possibility of spatially extended sources, such as the ring fault structure, additionally

to the commonly assumed point source trigger mechanism.

Only the seismic energy radiated below the source or precisely planned deployment of
seismic recorders could shed light on this ambiguity. Regional seismic stations at greater
distances from the source could thus be helpful in identifying the source processes. Very
small event magnitudes, as well as the island setting in the case of Montserrat, however,
complicate the use of regional stations. On volcanoes, it is therefore rare to capture

rays travelling from below the source due to the small aperture of seismic networks.

Additional geological and geophysical parameters can be taken into account to resolve
this issue. Field observations and magma flow modelling have supported a spatially
extended source mechanism (Neuberg et al., 2006), and most recently an experimental
study on frictional melting gave evidence for seismogenic slip along the conduit walls as
a favourable source scenario (Kendrick et al., 2014). This study will therefore strongly

contribute to driving our understanding of volcanic eruptions forwards.

3.7 Summary

The P-wave radiation pattern for two spatially extended sources, a ring fault and a dike
structure, have been derived and compared to radiation patterns for existing conven-
tional point source models. The 3D P-wave radiation patterns for spatially extended

sources show areas of compressional and dilatational first motions, separated by nodal
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planes. Although a superposition of single double couples, the overall radiation patterns
for ring faults and dikes are fundamentally different to those of a single double couple.
The ring fault radiation pattern shows a symmetry about the depth axis and exhibits
an area with compressional first motions above the source and a dilatational ring to
its sides. Below the source the picture of radiated energy is of the same amplitude but

oppositely polarised.

Given the volcanic setting, and non-ideal distribution of seismic receivers on the flanks
of active volcanoes, current recorded data are unlikely to be able to distinguish the dif-
ferent source mechanisms from each other, namely CLVD, ring fault, and dike sources,
due to high similarities in radiation patterns in the upper hemisphere. The findings
in this chapter show that a CLVD source is only one possible interpretation of the
observed first motion polarities of LF volcanic seismicity. Therefore, the consideration
of spatially extended sources, such as the ring fault structure, are indispensable when
interpreting recorded P-wave radiation patterns. Further investigations into different
wave phases as well as interdisciplinary volcanological studies could help to distinguish
the two. The ring fault as a model for LF generation has been strengthened by field
evidence, numerical and experimental studies, and thus seems more justifiable than

alternative models while explaining the seismic datasets as well.



Chapter 4

Catalogue of synthetic complex

sources

Synthetic modelling of seismic wavefields is a powerful tool in gaining information on
the source mechanisms underlying volcano seismicity. Once instrument response and
path effects have been removed, real data can be compared to synthetic models, and on
the basis of a best-fit approach the obtained model parameters allow insights into the
nature and geometry of the source. At present, investigations have almost exclusively
provided conceptual ideas or involved numerical modelling of point sources. In volcanic
settings, however, point source approximation is likely not sufficient in approximating
the highly complex source processes acting at depth, as shown in Chapter 2. An alter-
native to point dislocation sources such as single double couples are spatially extended

source geometries.

In Chapter 2 I developed two spatially extended sources, ring fault and dike, from a
conventional double couple source. This chapter aims to provide a catalogue of further
complex source scenarios involving new spatially extended sources. The fault geome-
tries examined here are modifications of the ring fault structure and can generally be
divided into two categories: (1) spatially extended sources with instantaneous slip,
and (2) spatially extended sources with individual time history. The former involves
instantaneous slip of at least two slip surfaces, and the considered cases that fall in
this category are: quarter and half conduits, as well as two simultaneously acting ring
faults at different source depths. Slip along conduit segments is considered to account
for cases where critical strain rates and subsequent seismogenic slip occur at parts of

the conduit only, i.e. due to geometry changes (Thomas and Neuberg, 2012). Two

69
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simultaneously acting ring fault structures represent a case where two LF swarms are
activated at the same time (Green and Neuberg, 2006). For spatially extended sources
that exhibit slip with a time history, a helix like structure, where ring fault segments at
different depths are triggered consecutively, will be analysed. Helix-like flow patterns
have been observed in polymer flow as this type of flow represents the smallest surface
area of defect that allows motion of one part of the lattice with respect to another
(Elgasri et al., 2011; Piau et al., 2000; Kay et al., 2003). The case of a helix-like flow

pattern is therefore considered here for the study of crystal rich magmas.

The waveforms and amplitudes of first arrival P-waves generated by such spatially
extended sources are discussed and will provide an excellent collection of novel syn-
thetic models. Real data examples can then be compared against the synthetic models,

allowing insights into the source processes of low frequency events on volcanoes.

4.1 Simultaneous extended sources

The endeavours of this study have so far been restricted to cases where slip occurs along
the complete circumference of the conduit, meaning that the entire magma column slips
upwards. It is, however, somewhat more intuitive to imagine seismogenic slip occurring
along only parts of the conduit. In the following, synthetic waveforms for ring fault
segments are used to simulate seismogenic slip along sections of the conduit walls. In

particular, quarter and half conduits are presented and examined.

All models discussed here have been calculated using 32 point sources to build the
complete ring fault structure, while slip occurs along only a fraction of these individual
sources. All cases were embedded in a homogeneous medium with a velocity structure as
outlined in Chapter 2.1.2. To enable comparison with waveform amplitudes in Chapter
2 the total seismic moment was chosen to be My = 8.0 Nm in each case. The source
time function was a delta impulse approximation with a duration of 7 = 1 s. The
conduit diameter was set to d = 50 m, and the waveforms were modelled for a total of
12 receivers, one each at 1 km, 3 km, and 5 km epicentral distance, in all four cardinal

directions (N, E, S, W; see Fig. 2.5).
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Figure 4.1: Orientation of a slipping half Figure 4.2: Orientation of a slipping half

ring whose slip surface spans over azimuths ring whose slip surface spans over azimuths
a =0°-180°. 17 (1-16, 32) of the 32 point a = 90° — 270°. 17 (8-24) of the 32 point
sources building the ring fault act simulta- sources building the ring fault act simulta-
neously along a 50 m wide bent slip surface. neously along a 50 m wide bent slip surface.

4.1.1 Half conduit

If slip occurs along half the ring fault walls the overall observed seismicity evolves
from seismogenic slip along a bent slip surface. The superposition of seismic energy
generated from a fraction of the 32 ring fault sources then results in the observed and
recorded seismic signal at a given receiver location. Only the point sources located
on the slipping half ring generate a seismic signal, and the recorded overall event at
a given seismic station depends on the orientation of the half ring of simultaneously
acting double couples in respect to each station. Here, two cases are considered: (1)
slip along a half conduit whose bent slip surface starts at azimuth o = 0° and ends
at a = 180° (Fig. 4.1); (2) slip along a half conduit whose slip surface spans between
a =90° and a = 270° (Fig. 4.2).

The P-waveforms resulting from a slipping half ring with orientation (1) at stations
5km to the north, east, south, and west can be seen in Fig. 4.3. Due to the orientation
and symmetry of the bent slip surface the two receivers to the north and south (N5
and S5) have the same relative location in respect to the slip surface, and the recorded
seismic P-waves therefore have the same shape and amplitudes (top left and bottom left

of Fig. 4.3).

The receivers to the east and west (E5 and W5) lie on the symmetry axis of the half
ring, meaning that pairs of traces with the same orientation arrive at the receiver at

the same time and superimpose constructively. This is why the maximum P-wave
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Figure 4.3: P-waveforms of a 1.5 km deep half conduit spanning from azimuths o = 0° —180°.
Receivers were located at 5km epicentral distance to the north, east, south and west (N5, E5,
S5, W5). Due to the same relative location of the slip surface in respect to stations N5 and S5,
the resulting vertical P-wave ground velocities at these stations are identical. At these stations,
partial destructive superposition takes place and yields Ricker-like wavelets with maximum P-
wave amplitudes of —1.206 x 10717 km/s. The waveforms at receivers E5 and W5 are 2-lobed
and oppositely polarised, and have larger maximum P-wave amplitudes (—2.324 x 10717 km/s,
and 2.400 x 1077 km/s respectively) than N5 and S5.

ground velocities at these stations are with —2.324 x 1077 km/s, and 2.400 x 10717
km/s respectively, greater than those recorded in the north and south (—1.206 x 10717
km/s).

Additionally, the seismic energy radiated from double couple 8 (see Fig. 4.1) arrives
at stations to the east before all other traces while it has the longest travel path to
stations to the west of the source. This causes an alteration of wave shape, with the
second lobe of the Kiipper-like wavelet recorded to the west being wider (total P-wave
duration: 0.2 s) than that recorded in the east (total P-wave duration: 0.15 s), which

is shown in the top right and bottom right of Fig. 4.3).

Configuration (2) has the same properties as configuration (1), and therefore radiates
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Figure 4.4: P-waveforms of a 1.5 km deep half conduit spanning from azimuths o = 90° —270°.
Receivers were located at 5 km epicentral distance to the north, east, south and west (N5, E5,
S5, W5). Resulting waveforms are comparable to half ring configuration (1), but 90° rotated:
due to the same relative location of the slip surface in respect to stations E5 and W5, the
resulting vertical P-wave ground velocities at these stations are identical. At these stations,
partial destructive superposition takes place and yields Ricker-like wavelets with maximum P-
wave amplitudes of —1.206x 10717 km/s. The waveforms at receivers N5 and S5 are 2-lobed and
oppositely polarised, and have with —2.324 x 10717 km/s, and 2.400 x 10717 km /s respectively,
larger maximum P-wave amplitudes than E5 and W5.

the same P-waveforms as such, but is 90° rotated. This can be seen in Fig. 4.4: P-waves
recorded to the east and west of the half ring are identical (and also identical to the
waveforms recorded to the north and south of half ring configuration (1)). To the north
and south of half ring (2), the recorded P-waves are 2-lobed non-zero phase Kiipper
wavelets, with the one recorded to the north equivalent to the west in configuration

(1), having a wider second lobe due to the longer travel time of double couple 16.

It should be noted that the waveforms recorded outside the symmetry axes of the half
rings (N and S for configuration (1), E and W for configuration (2)) resemble those
originating from the full ring fault structure and recorded at all azimuths (see Chapter

2).
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4.1.2 Quarter conduit

Similar to the slipping half conduits in Chapter 4.1.1, two scenarios (Figs. 4.5 and
4.6) for slip along a quarter of the 50 m wide conduit were synthetically modelled and
synthetic seismograms for stations at 5 km epicentral distance to the north, east, south
and west can be seen in Figures 4.7 and 4.8. The two figures represent the P-waveforms
for two different orientations of the bent slip surface: (1) slip along a quarter ring with
azimuths o = 0° —90°, and (2) slip along a quarter ring spanning from o = 45° — 135°

(see Figs. 4.5 and 4.6).

Figure 4.5: Orientation of a slipping Figure 4.6: Orientation of a slipping

quarter ring whose slip surface spans over
azimuths o = 0° — 90°. 9 (1-8, 32) of the
32 point sources building the ring fault act
simultaneously along a 50 m wide bent slip
surface.

quarter ring whose slip surface spans over
azimuths o = 45° —135°. 9 (4 to 12) of the
32 point sources building the ring fault act
simultaneously along a 50 m wide bent slip
surface.

Due to the relative orientation of the 8 double couple sources arranged along the quar-
ter ring (configuration (1)) in respect to the station distribution, the superimposed
overall P-waveforms in the north and east (N5 and E5), and equivalently to the south
and west (S5 and W5), are identical (Fig. 4.7). At N5 and E5, superposition of seismic
energy originating from individual double couples is constructive, resulting in greater
overall maximum vertical P-wave velocities (4.984 x 10717km/s) than in the case of a

slipping half ring where superposition is partially negative (Fig. 4.3).

All waveforms have the shape of non-zero phase Kiipper wavelets, with the second lobe
of the traces with longer travel times (S5 and W5) being wider than those of the nearby
stations to the north and east. It is the contribution of DC 8 that is responsible for the
widening of the second lobe of the waveform, because it has the longest travel time of

all acting point sources (see Fig. 4.5).
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Figure 4.7: P-waveforms of a 1.5 km deep quarter conduit spanning from azimuths a =
0° —90°. Receivers were located at Skm epicentral distance to the north, east, south and west
(N5, E5, S5, W5, Fig. 2.5). All wavelets are 2-lobed Kiipper-like wavelets, with the second lobe
of waveforms at S5 and W5 wider than those at N5 and E5. Due to the same relative location
of the slip surface in respect to stations N5 and E5, as well as S5 and W5, the resulting vertical
P-wave ground velocities are identical.

Changing the orientation of the slip surface in respect to the stations changes the way
the individual seismic wave trains interfere with each other. With slip occurring along
a quarter ring with azimuths o = 45° —135° (configuration (2)) the resulting waveforms
at receivers to the north and south, and to the east and west respectively, are identical,

because of identical relative receiver locations to the slip surface (Fig. 4.6).

Stations E5 and W5 lie in the symmetry axis of the slipping quarter conduit (configura-
tion (2)). This means that pairs of same polarity waves arrive at the station in phase,
resulting in complete constructive superposition, and thus largest maximum vertical
P-wave velocities of £6.972 x 10~!7 km/s (top right and bottom right in Fig. 4.8). In
contrast to the complete constructive superposition of waveforms to the east and west,
superposition at receivers N5 and S5 is mostly destructive, with much smaller maxi-

mum ground velocities of —7.948 x 10718 km/s. Since travel paths of double couples
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Figure 4.8: P-waveforms of a 1.5 km deep quarter conduit spanning from azimuths a =
45° — 135°. Receivers were located at Hkm epicentral distance to the north, east, south and
west (N5, E5, S5, W5, Fig. 2.5). Due to the same relative location of the slip surface in respect
to stations N5 and E5, as well as S5 and W5, the resulting vertical P-wave ground velocities
are identical, but oppositely polarised. All seismic traces arrive at E5 and W5 in phase, fully
constructive superposition takes place and results in large max. P-wave amplitudes. Contrarily,
mostly destructive superposition of slightly out of phase and negatively polarised wave trains
takes place at N5 and S5.

9 to 12 are longer than those of double couples 4 to 7 (Fig. 4.6), oppositely polarised
pairs of P-waves arrive at the receiver out of phase, preventing complete cancellation

of seismic energy (top left and bottom left in Fig. 4.8).

4.2 Multiple sources

Low frequency earthquakes can be grouped into event families, with oftentimes more
than one family being active at the same time (Rowe et al., 2004; Green and Neuberg,
2006; Ottenmoller, 2008). Simultaneously acting event families indicate that seismicity
is generated at multiple depths at the same time, with waveforms radiated from indi-
vidual source locations likely overlapping to construct the observed wavefield at given

receiver locations. Due to slightly differing source locations and path effects due to
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inhomogeneities in the volcanic edifice the resulting waveforms can be exceptionally
complicated. Here, I consider cases where the sources are too close to each other to be

resolved in the seismic trace.

However complex the real scenario, synthetic modelling allows the study of the funda-
mental principles underlying these complex processes by reducing the complexity of the
system with the help of assumptions. Here, a simplified model allows the concentrated
study of the P-waveforms generated by two simultaneously slipping ring fault struc-
tures. The results will give insights into the effects on P-waveforms and amplitudes

when more than one spatially extended sources are active at the same time.

4.2.1 Two simultaneous ring faults

When several sources act simultaneously, the observed seismic wavefield at a given
source location will be the result of the superposition of individual wave trains. Travel
time differences between individual source locations will affect the nature of the super-
position that takes place: if wave trains with the same polarity arrive at the receiver

in phase, constructive superposition will take place, and vice versa.

Here, two simultaneously acting ring faults are considered. The two spatially extended
sources are vertically separated by 100m, at depths of 1400 m and 1500 m, respectively.
Both ring faults have diameters of d = 50 m, assuming a stable conduit diameter in the
conduit region under investigation, and are formed by 32 simultaneously acting point
sources each, to simulate slip along a cylindrical conduit (see also Chapter 2.2). The
input moment for each ring fault was My = 8.0 Nm. The homogeneous model space
as defined in Chapter 2.1.2 was adopted, and stations were positioned in all cardinal

directions and a number of epicentral distances, which are illustrated in Fig. 2.5.

The P-waves of the combination of two simultaneously acting ring fault structures ob-
served at stations 5 km to the north, east, south and west of the sources’ epicentres
are shown in Fig. 4.9. Comparable to the waveforms produced by a single ring fault,
the superposition of seismic energies of two simultaneously acting ring faults yields
identical waveforms for all azimuths. This indicates that, analogously to a single ring
fault, the observed P-wavefield of two synchronously acting ring faults are independent

of receiver azimuths.
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Figure 4.9: P-waveforms of a combination of two simultaneously acting ring faults at 1400
m and 150 Om source depths, respectively. Receivers were located at 5 km epicentral distance
to the north, east, south and west (N5, E5, S5, W5). The resulting vertical P-wave ground
velocities have the shape of Ricker wavelets, and are identical in all directions. For the given
ring fault diameters (50m), vertical source separation (100 m), and source receiver distances,
constructive superposition takes place, resulting in greater maximum P-wave amplitudes than
generated by a single ring fault structure.

The observed Ricker-like wavelets exhibit maximum velocities of —1.128 x 10717 km/s,
which exceed those of a single ring fault of 1500 m depth by 187% (5.248 x 10718 km//s)
(Fig. 4.10). In fact, maximum P-wave amplitudes resulting from the superposition
of two ring faults are almost doubled compared to a single acting ring fault. This is
because the collective scalar input moment is with Mioia = Mgrr1 + Mrr2 = 16.0 Nm
twice that of a single ring fault structure, and constructive superposition of the two
will contribute to the maximum observed P-wave ground velocities. Deviations from
the exact doubling as observed here are likely due to slightly different travel paths and

back azimuths of the incoming waves at a given station, due to different source depths.

The observed body waveforms of two simultaneously acting sources were generated and
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Figure 4.10: Comparison of single (left) and two ring faults (right) P-waveforms, for a source
at 1.5 km depth and a receiver at 5km epicentral distance and o = 90°. The observed maximum
ground velocities differ, with the P-wave contribution of two ring faults exceeding that of the
single ring fault by 187%.

examined in the previous section. Triggered at the same time, both wave trains are
radiated and superposed to give the final combined P-waveforms. The difference in
source locations of 100m introduces slightly different travel paths - and hence times,
resulting in slightly decreased maximum P-wave velocities compared to twice a single
ring fault. It is important to note that observed travel time differences and accompa-
nying phase shifts are strongly dependent on the properties of the medium, and results
will change when, e.g., velocity layers are introduced to the model. Furthermore, this
effect may be enhanced as the number of sources increase, and a time history for con-
secutive events is introduced. In the following, sources with time history are considered
in more detail, and their P-waves are analysed and compared to already treated cases

of spatially extended sources.

4.2.2 Staggered sources

The motivation for these model setups lies in the stress and strain distributions and
changes in the volcanic conduit at locations and times wh<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>