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Abstract

The observation of a unique very long period (VLP) seismic signal on 23
March 2012 at Soufriere Hills volcano, Montserrat triggered this research. This
event, observed on a sparse seismic network, showed the limitations of routine
processing steps to estimate correct source location and source mechanism.
Firstly, it shows the absolute necessity to perform a proper restitution process
where one has to consider spectral components of the lowest possible signal
frequencies, as the interpretation of the ground displacement, and therefore,
the deformation at the source changes drastically, in this case, from oscillatory
behaviour to a static displacement.

Further, it emphasises the often neglected influence of a seismic network
configuration on our ability to correctly resolve the source mechanism when
performing moment tensor inversion. Using numerical tests, it is shown that the
moment tensor inversions using a low number of stations with poor azimuthal
coverage can still produce an acceptable waveform fit at the surface, however,
the time-histories of source components are not resolved. Volcano observatories
can use this approach to improve their monitoring capabilities.

In contrast to the Montserrat event, the VLP signals observed in a hy-
drothermal environment at Whakaari, New Zealand show an oscillatory wave-
form entirely produced by the source. Two source mechanisms are investigated:
the effect of poroelastic wave propagation and a coupled fluid-solid system. By
testing these two hypotheses we gain an interesting insight in how different
characteristics of poroelastic media affect seismic waves in the frequency band

typical in volcano seismology.






Chapter 1

Introduction

Volcanogenic seismic signals cover a broad frequency range and fall into three
main categories; Volcano-Tectonic (VT) earthquakes, Low-frequency (LF) events,
and Very-Long Period (VLP) events. Their interpretation and modelling are at

the core of any attempt to forecast volcanic eruptions. Volcano-tectonic (VT
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Figure 1.1. VT and LF events and their amplitude spectra. a) VT earthquakes
exhibit a clear P- and S-wave onsets and have frequency content of 1-20 Hz. b) LF
events have a spectral range between 0.2 and 10 Hz.

earthquakes (Figure 1.1a) have the same source mechanism as tectonic earth-
quakes. They are generated by the brittle failure of rocks at a fault plane due
to the stress changes of magmatic emplacement or due to stress changes as a
result of water-magma interaction in hydrothermal systems (Neuberg, 2021).
They have similar waveform characteristics as tectonic earthquakes: clear P-
and S-wave onsets and a frequency content of 1-20 Hz. The hypocentre loca-

tions of the VT earthquakes indicate changes in the volcanic system rather than
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inside the magma chamber itself as they map the emplacement or withdrawal
of fresh magma (Neuberg, 2021). Due to their frequency content, they are also
sometimes referred to as High-Frequency (HF) events.

A pivotal moment in modern volcano seismology was the discovery of Low-
frequency (LF) earthquakes (Figure 1.1b) as they have been successfully used
in forecasting volcanic eruptions (Chouet, 1996a). LF earthquakes have a spec-
tral range between 0.2 and 10 Hz, with end members of the continuum being
Long-Period (LP) events and hybrid events, which are similar to LP events
but have additional high frequency content (Neuberg, 2021). Their source pro-
cesses differ significantly from VTs. LF events originate at the boundary be-
tween magmatic fluid and solid surrounding rock (e.g. Chouet, 1988; Neuberg
et al., 2000). What is recorded at the surface is the small part of the seis-
mic energy that escapes the conduit and propagates through solid medium,
while most of the seismic energy is trapped in the fluid-filled conduit and res-
onates within (Neuberg et al., 2000). These seismic waves are dispersive and
it is that property that describes their low-frequency content (Ferrazzini and
Aki, 1987). Modelling of LF events is usually done in two ways; either the LF
events are modelled as abrupt pressure changes in resonating cracks of only few
centimetres width (Chouet, 1996a) or as a resonating section of the conduit
of approximate size of a few tens of meters width and up to hundred meters
length, where the properties of magma are dependent on depth and time (Neu-
berg et al., 2000). However, using the very-high-resolution seismic data from
three different volcanoes - Mount Etna in Italy, Turrialba Volcano in Costa Rica
and Ubinas Volcano in Peru, Bean et al. (2014) show how LP swarms can be
caused by slow, quasi-brittle low stress-drop failure driven by short-lived upper-
edifice deformation. The observations of LF earthquakes usually include these
characteristics (Neuberg, 2021): (a) they occur in swarms, (b) their waveforms
are very similar, (c¢) their occurrence can be highly regular, (d) the LF swarms
can merge into continuous tremor. Major dome collapses and other eruptive
phases are preceded by LF swarms (Miller et al., 1998), however existence of

LF swarms does not guarantee a dome collapse or eruption (Neuberg, 2021).
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1.1 Very-long period (VLP) seismic signals

The deployment and widespread use of broadband seismic networks in the 1990s
made studies of very-long period (VLP) signals possible (Kawakatsu et al., 1992;
Neuberg et al., 1994) and this thesis mainly focuses on them. VLP signals,
whose periods range from several seconds to several minutes, have been observed
on almost every type of volcano around the world (Chouet and Matoza, 2013a,
Table 1.1). The studies of VLP seismicity have resulted, in this relatively short
period of time, in great comprehension of the shallow magma conduit geometry,
of the way magma moves through shallow volcanic systems, and the interaction
between magma and magmatic gasses and the host rock (Waite, 2014).

Unlike LP signals, which are generally interpreted as a resonance inside the
fluid-filled conduit, VLP source processes are usually attributed to fluid-rock
interactions such as mass movement of volcanic fluids (e.g. Chouet and Daw-
son, 2011) that generate abrupt pressure changes inside the volcanic edifice. As
VLPs have been observed prior to caldera collapse (Kumagai et al., 2001a; Mi-
chon et al., 2009) and prior to phreatic eruptions (Kawakatsu et al., 2000; Jolly
et al., 2017) the need to study them is of great importance for understanding
the underlying physical processes and estimate hazard.

The description of types of VLP sources is usually organised by fluid type
and volcano environment they are observed in. This is because the models of
VLP sources related to the fluid viscosity which depends on magma composition
and temperature.

In the case of low-viscosity magma systems, such as Stromboli volcano,
Italy and Kilauea Volcano, Hawaii, VLP seismicity is linked to the unsteady
movement of magma and gasses through the conduits. In such systems, gas
bubbles can ascend through the magma more buoyantly, thus making the erup-
tions less violent compared to more viscous volcano systems which are capable
of trapping bubbles at higher pressures (Waite, 2014). Two main processes of
bubble growth are coalescence of smaller bubbles and diffusion of volatiles out
of solution. Another cause of bubble growth is the pressure difference between
shallow and deeper depths. Thus, under specific conditions bubble diameter
can become as wide as the conduit and in combination with a large gas volume

it can occupy an elongated region within the conduit (Waite, 2014).
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Table 1.1. List of volcanoes where VLPs have been observed

Country Volcano Studies
Sakuraiim Kawakatsu et al. (1992, 1994); Uhira and
aktitajima Takeo (1994)
Unzen Uhira et al. (1994)
As Kaneshima et al. (1996); Legrand et al.
>0 (2000); Kawakatsu et al. (2000)
" Ohminato and Ereditato (1997); Ohminato
Satsuma-Iwojima
(2006a)
Japan Iwate Nishimura et al. (2000)
Miyakejima Kumagai et al. (2001b); Fujita et al. (2004)
Usu Yamamoto et al. (2002)
Bandai Nishimura et al. (2003)
Hechijo Kumagai et al. (2003); Kumagai (2006)
Ontake Nakamichi et al. (2009)
Asamm Ohminato et al. (2006a); Kazahaya et al.
sama (2011); Maeda and Takeo (2011)
Indonesia Merapi Hidayat et al. (2002)
White Jolly et al. (2017); Caudron et al. (2018);
New Zealand Island/Whakaari Jolly et al. (2018)
. Neuberg et al. (1994); Neuberg and Luckett
Ttaly Stromboli (1996a); Auger et al. (2006)
. . Dawson et al. (2010); Chouet et al. (2010);
Hawaii (U.S.) Kilauea Dawson and Chouet (2014)
California Mammoth .
(US.) Mountain Hill et al. (2002)
Washington Mt. St Helens Waite et al. (2008)
(U.S.)
Alaska (U.S.) Okmok Haney (2010)
Antarctica Erebus Rowe et al. (1998); Aster et al. (2008)
Mexico Popocatepetl Chouet et al. (2005)
Guatemala Santiaguito Sanderson et al. (2010)
Montserrat Soufritre Hills Green and Neuberg (2005); Sindija et al.

(2021)
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As this gas slug ascends, the surrounding magma must descend around it.
Where the conduit changes diameter and/or orientation the centre of mass
suddenly accelerates and these accelerations can cause VLP seismicity. James
et al. (2006) created a laboratory experiment which investigates the ascent of
a gas slug through a conduit with changes in its diameter. They show that the
gas slug ascends slowly as it goes through the lower parts of the conduit due to
the gradual decrease in pressure of the overlying fluid. As the gas slug enters
the upper, wider, part of the conduit, it rapidly expands and accelerates. The
acceleration of the slug does not act as a significant force as the mass of the
gas slug is low. However the acceleration of the slug does require a downward
acceleration of the surrounding fluid and it has a large enough mass to produce
a strong enough force which can couple to the conduit at the location of the
change in diameter (Waite, 2014). The pressure change at this location can
act as a source for the VLP signal and is often interpreted as such for VLP
events in low-viscosity systems. This problem is revisited by O’Brien and Bean
(2008) where they used numerical modelling of multi-phase fluid dynamics and
the associated elastodynamic waves to also show how gas slug ascent can be
responsible for producing VLP signals. Chouet et al. (2008) for Stromboli,
Chouet et al. (2010) for Kilauea, and Aster et al. (2008) for Erebus volcano, all
associate VLP seismicity prior/during strombolian style eruptions to be due to
the inflation and deflation of crack-like portions of the conduit to accommodate
the ascents of a gas slug.

In high-viscosity volcanoes, VLP source mechanisms are unlikely to involve
gas slug movement as magma is too viscous to allow gas slug ascent. The
usual source mechanism of VLP signals in this environment is related to crack-
like and pipe-like geometries representing changes in conduit shape, however
the inflation or deflation mechanisms of the source volume are not linked to gas
slugs, rather, the deflation may be related with the explosion and the eruption of
material from the conduit. Examples of such environment include Potocatépetl
Volcano, Mexico (Chouet et al., 2005), Augustine Volcano, Alaska (Dawson
et al., 2011), and Soufriere Hills volcano, Montserrat. Chouet et al. (2005)
interpret the VLP source time histories at Potocatépetl as a source process
that begins with inflation (pressurisation) which is then followed by 2-3 cycles
of deflation-reinflation (depressurisation-repressurisation) within a time interval

of 3-5 min. The source deflation is interpreted as an opening of a crack with
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addition of gas escape which causes a pressure drop and acts as a source of
the VLP signal. The pressure recovery in the source region is interpreted as
the influx of new magma and gas exsolution. Similarly, Dawson et al. (2011)
interpret the source process of VLP signals at Augustine as inflation-deflation-
reinflation of the sill over a period of 1 minute. They suggest that the inferred
pressure recovery can be explained by the same model of diffusive bubble growth
as at Potocatépetl.

VLP signals associated with hydrothermal processes have been observed
and analysed on several volcanoes, among others: White Island volcano, New
Zealand (Jolly et al., 2017); Aso volcano, Japan (Kawakatsu et al., 2000);
Satsuma-Iwojima volcano, Japan (Ohminato, 2006b); Mayon Volcano, Philip-
pines (Maeda et al., 2015). For Aso volcano, Kawakatsu et al. (2000) interpret
the VLPs associated with the phreatic eruption in 1994 as a gradual infla-
tion of the water-filled cracks and the aquifer which occurs due to heat flow
from a magma chamber below. Additionally, they observe the VLPs preceding
eruptions by a few minutes which they interpret as a potential case for issuing
immediate warnings for phreatic eruptions. Ohminato (2006b) analyses VLPs
recorded at the Satsuma-Iwojima volcano, modelling the driving part of the
source as a sudden vaporisation of water in a water-filled pocket which is sup-
plied from a nearby aquifer through low permeability bedrock. The heating
from the magma or high temperature gas causes the superheated water in the
pocket to vaporise causing a pressure jump observed as the VLP signal.
Maeda et al. (2015) analyse a VLP signal observed during a phreatic explo-
sion at Mayon Volcano, Philippines. They attribute their waveform inversion
solutions to the inflation of the crack, while boiling the underwater, and defla-
tion as a discharge of the water vapour. The aforementioned studies describe
the events as a sudden vaporisation of water-filled cracks caused by heat flow
from the underlying magma body, however, they all picture a pure water-water

system.
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1.2 Study sites

1.2.1 Soufriere Hills volcano - high-viscosity volcanic sys-

tem

Data for the first study site come from Soufriere Hills volcano (SHV). SHV is
situated on the island of Montserrat, West Indies. The island itself is part of
the 800 km-long Lesser Antilles volcanic arc and is located at the northern part
of the volcanic arc. This volcanic arc is a result of the subduction of the North
American plate beneath the Caribbean plate at the rate of ~ 2cm/year (Smith,
2015). It is an andesitic volcano located on the southern part of the island.
SHV is the youngest and only active volcanic system out of three volcanic
complexes at the island of Montserrat, the other two being Silver Hills (c. 2.6
- 1.2 Ma) and Centre Hills (c. 950-550 ka) (Smith, 2015). It has been in state
of activity since 1995 and the eruption has consisted of five extrusive phases
with quiet periods between them (Figure 1.2). The current eruption started
on 18 July 1995 after a period of 3 years of increased seismic activity (Smith,
2015). During each of the five phases, a major dome or sector collapse event has
occurred, notably in December 1997, March 2000, July 2003, May 2006, and
February 2010 (Smith, 2015). VLP seismicity at SHV has only been observed
three times; in 2004 (Green and Neuberg, 2005), 2012 (Sindija et al., 2021), and
2014. Green and Neuberg (2005) interpret the 2004 VLP event as a collapse
of a gas-charged region within the upper edifice. The 2012 VLP is described
in Chapter 3, while the 2014 event has not been studied in detail and has only

been observed on few stations of the local network.
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Figure 1.2. Monitoring data from Montserrat since the start of the eruption. (top)
number of events per day; (middle) vertical displacement for HARR station (black)
and horizontal ground motion at MVOL1 (red) and GERD (blue) stations relative to
the dome centre; (bottom) SO2 outgassing in tons per day. Adopted from Stinton
et al. (2020).

1.2.2 Whakaari (White Island) - a hydrothermal vol-

canic system

Whakaari is an andesitic cone volcano located 48 km north of New Zealand’s
North Island. The active horseshoe-shaped crater contains a crater lake, a
large lake of boiling acidic waters which varies in volume due to meteorological
conditions and changing levels of hydrothermal activity (Heap et al., 2017).
Whakaari is one of New Zealand’s most active volcanoes and it has been a pop-
ular tourist destination. Since broadband seismic monitoring has been estab-
lished in 2007 it experienced two unrest episodes - in 2011-2016 and in 2019. In
this period it has produced seven hazardous eruptions (Park et al., 2020). The
most recent one, in December 2019, resulted in 21 fatalities. As it is a hydrother-
mal environment, most common eruptions are phreatic and phreatomagmatic.
These types of eruptions are often accompanied and/or preceded by VLP sig-

nals. Therefore, there is a great need for continuous monitoring and research
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on Whakaari volcanic activity.

The location of the observed VLP events has been well established. Jolly
et al. (2017) studied a swarm of mixed frequency events including VT's, LPs, and
VLPs during the 19-21 August 2011 eruption observed on a temporary seismic
array. They placed the origin of VLPs at 0.8-1.5 km depth, while the associated
high-frequency (VT) and LP events were reported to occur at shallower depths
(< 1 km). They interpret this series of events as a migration of fluid into
the shallower parts of the hydrothermal system. Their results suggest a most
likely source mechanism for the VLPs to be an opening of a tensile crack with
significant shear movement in the dipping direction. The 2013 eruption episode
was studied by Caudron et al. (2018) where they located the VLP sources at
similar depths as the 2011 episode, at 0.8-1 km depth. Further, study by Jolly
et al. (2018) that also looked at the 2016 data put the VLP source at 0.8-1
km depth. Park et al. (2020) gathered all the studies before and showed that
there are two families of VLPs observed - F1 type (e.g. Caudron et al., 2018;
Jolly et al., 2018) and F2 type (e.g. Jolly et al., 2017). The F1 family has
been observed throughout the studied period (2007-2019) while the F2 family
bas been closely to the onset of volcanic unrest. However, high amplitude F1
type VLPs have been observed prior to phreatic eruptions in 2013 (Caudron
et al., 2018) and 2016 (Jolly et al., 2018). The waveform difference between the
two families is seen in Figure 1.3 with the main difference being the opposite
polarity of the first motion and an additional oscillation for F2 type.

Previous models explain the oscillatory motion and the opposite polarities
as the excitation of the same oriented crack but with an opposite slip direction
and volumetric change (Park et al., 2020). However, there could be a different
explanation for the oscillatory waveforms, other than inflation/deflation source

mechanism, which is explored in Chapter 4.

1.3 Restitution of the VLP ground displace-

ment

The major advantage VLP signals offer is direct insight in the deformation of
the source process. This fact was recognised and studied by Legrand et al.
(2000, 2005). As VLP signals have wavelengths of tens to hundreds of km, it

places most seismic stations of a volcanic monitoring network in the so-called
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Figure 1.3. The displacement seismograms showing examples for two family types
of VLPs observed on Whakaari: (a) Type 1 observed April 28th, 2016 on WIZ
station and (b) Type 2 observed on January 23rd, 2018 also on WIZ station. The
displacement seismograms were restituted including spectral components up to 1000
s. The event trigger times were taken from Additional file 1 from Park et al. (2020).

near-field, i.e. within one wavelength from the source. In the near-field, the
seismic displacement at the surface is directly proportional to the deformation
at the source. Therefore, it is essential to retrieve the exact source time history
in addition to amplitude and moment tensor components to adequately model
the deformation process. Often, the first step in searching for a VLP signal
is analysing the amplitude spectrum of the recorded velocity seismogram. For
a VLP signal observed on Montserrat, we see a broad peak relating to the
VLP signal around 0.01 Hz (Figure 1.4a). However, this VLP signal has been
distorted by the instrument response as the low frequencies in the original signal
have been cut-off. Hence, when analysing VLP signals that have a frequency
content outside the flat-band of the instrument response, one needs to keep in
mind the original signal could contain seismic energy at much longer periods
than displayed in the amplitude spectrum of the recorded signal. Figure 1.4b

shows such an example where a signal with dominant period of 500 s is observed
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at a station with a 120 second instrument.
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Figure 1.4. a) Amplitude spectrum of the vertical component velocity seismo-
gram recorded at MBWW station on March 23, 2012 showing a broad VLP signal
with dominant frequency of 0.01 Hz with superimposed transfer function of 120s-
instrument at that station. b) Example of how the instrument response impacts the
observed amplitude spectrum. I produced a synthetic velocity seismogram with pe-
riod of 500 seconds (red box), calculated the amplitude spectrum (black) and then
simulated the effect of the 120s-instrument response on the input signal (red).

To account for the shape of the instrument response and to make sure that
the restitution of ground displacement considers the whole energy content of the
ground motion we have to carry out certain processing steps. These processing
steps go beyond the usual “instrument removal” applied as a routine by seismic
processing packages, which considers the frequency range in the pass-band of
the instrument only. Examples of VLPs observed on Stromboli volcano from
two different studies show how these processing steps can influence our inter-
pretation of the source dynamics. Figure 1.5 shows the restitution of vertical
ground displacement of a VLP signal observed during a Strombolian eruption
(Neuberg and Luckett, 1996b; Neuberg, 2006) using a 120 s instrument. For
the process of restitution different high-pass filters are applied with cut-off fre-
quencies of 0.004 Hz (250 s), 0.002 Hz (500 s), and 0.001 Hz (1000 s) to the
velocity trace after which the instrument response (including the digitiser gain)
is removed and the trace is integrated to obtain the displacement seismogram.
The application of a high-pass filter with a cut-off frequency lower than the
flat-band of the instrument response (Neuberg and Luckett, 1996b; Caudron
et al., 2018) helps us recover the low frequency information while suppressing
the amplification of the long period, environmental and electronic noise dur-

ing the integration. Choosing the appropriate high pass filter is crucial, as
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the interpretation of the obtained displacement seismograms changes. Chouet
et al. (2003) observed two types of VLP signals (Type 1 and Type 2, Fig-
ure 1.6) during the Strombolian eruptions using 60 s instruments. They apply
a bandpass filter between 2 and 30 s to the velocity trace after which the in-
strument response is removed and they interpret the Type 2 events as inflation
which is then followed by deflation and re-inflation. Comparing the ground
displacement seismograms shown in Figure 1.5 and Figure 1.6 we can see that
if we don’t include the lowest spectral components of the signal, our interpre-
tation of the source behaviour changes from inflation-deflation (Figure 1.5d) to
a more oscillatory behaviour (Figure 1.6b). Unfortunately, there is no general
recipe or criteria how to define the lowest cut-off frequency as this process is
highly dependent on the data quality. In general, the vertical components are
less affected by low frequency noise than the horizontal components. We also
have to assume that there is no seismic energy or a static offset at even lower

frequencies.

120 s (no restitution)

Displacement [um]

25-]
© A 5005
[ S R SN W P———————

1000 s

t
0 30 60 90 120 150

explosion Time [s]

inflation

deflation

Figure 1.5. Restitution of ground displacement for a VLP observed at Stromboli
volcano. (a) Displacement seismogram (without the instrument response removed)
(b), (c¢), and (d) Displacement seismograms after correcting for the instrument re-
sponse and considering spectral components to a period of 250, 500, and 1000 s
respectively. Adopted from Neuberg (2006).
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Figure 1.6. (a) Normalised east component of a velocity seismograms for Type 1
and Type 2 VLP events filtered between 2 and 20 s (Type 1) and 2 and 30 s (Type
2). (b) Normalised east component displacement seismograms for the two types of
VLP signals observed. Adopted from Chouet et al. (2003).

In this thesis I focus on two VLP signals observed in two different vol-
canic environments; one on Soufriere Hills volcano, Montserrat and the other
on White Island volcano, New Zealand, a known hydrothermal volcanic system
(Section 1.2). By following the same restitution process described above, i.e.
applying different high pass filters and then removing the instrument response,
we can see that the description for the two VLP events is quite different. For
the VLP signal from Montserrat (Figure 1.7) which was recorded using a 120s
Giiralp-3T broadband instrument, the application of different high pass filters
changes the interpretation of the source behaviour. Figure 1.7a shows a 16
minute long record of the VT swarm observed on 23 March 2012 at Soufriere
Hills volcano, Montserrat. The velocity seismogram is dominated by high fre-
quency VT earthquakes. However, if we integrate the seismogram (Figure 1.7b)
the VLP signal becomes obvious. The displacement seismogram in trace (c)
shows an apparent inflation (motion up) followed by a deflation (motion down)
below the pre-signal level. This interpretation dramatically changes by includ-
ing longer periods in traces (d) and (e). The ground displacement shown now
in trace (e) could be described as a step-like inflation. The fact that a further

extension to a lower frequency range does not change the waveform indicates
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that the trace now represents the “true” ground displacement of the process.
In this case it gives us the “true” amplitude of the displacement as well, which
can be directly read from the displacement seismogram (Figure 1.7f).

However, for the VLP signal from White Island volcano, recorded using a
Giiralp 3ESP seismometer with a corner period of 60 s, the restitution process
does not change the oscillatory nature of the original waveform (Figure 1.8).
Therefore, after we are sure that the oscillatory waveform is not due to the effect
the instrument response has on the very-long period signals, we can interpret
the resulting signal as the deformation signature of the source process.

VLP signals observed on Montserrat and Whakaari are studied in Chapter
3 and Chapter 4, respectively. While we can interpret the step-like displace-
ment at Montserrat (Figure 1.7f) as step-like inflation at the source we ask
ourselves whether VLP displacements at Whakaari (Figure 1.8e) can be caused
by a similar source displacement and the resulting oscillatory waveforms are
due to poroelastic medium. [ examine this problem through modelling wave

propagation in porous media and fluid-solid interactions.

1.4 Moment tensor inversion

The principal technique for estimating seismic source mechanisms in both “tec-
tonic” and “volcanic” settings is the moment tensor inversion (MTI). The mo-
ment tensor (MT) is a general, mathematical representation of equivalent body
forces of a seismic source (Aki and Richards, 2002). It is composed of nine
force couples, where each couple relates to one set of opposing forces (Fig-
ure 1.9). Using MTI, we invert the waveforms of the signal (in our case the
restituted displacement seismograms) and solve for the amplitudes and the time
histories of the moment tensor (or moment-rate tensor if we used velocity wave-
forms). What differentiates the MTT in volcano seismology from inversions in
the “tectonic” seismology is that in the volcanic environments we have to in-
clude additional three single force components on top of the nine moment tensor
components (Ohminato et al., 1998). Although moment-tensor inversions are
our best way into “seeing” the source mechanisms, there are still unknowns and
uncertainties that come with it. Contreras-Arratia and Neuberg (2019) show
the difference between MTI results when the assumption of a planar fault for

seismic sources deviates to a more complex geometry like a dyke fault or a ring
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Figure 1.7. Restitution of the vertical component ground displacement at MBWW
station. (a) Uncorrected velocity seismogram. (b) Integrated (without restitution)
velocity seismogram which identifies the VLP signal (c) to (e) Displacement seismo-
grams after correcting for the instrument response and considering spectral compo-
nents to a period of 250, 500 and 1000 s respectively. (f) Five minute long time
window showing true ground displacement.

fault. Bean et al. (2008) and Trovato et al. (2016) examined the influence of
velocity models used in moment-tensor inversions, where they compared the
results of sources in a homogeneous halfspace and models with low-velocity
surface layers and models with velocity gradients. Also, topography and to-
pographic scattering produce effects which lead to uncertainties in the source
solutions (e.g. Neuberg and Pointer, 2000; O’Brien and Bean, 2009).

To describe displacement field w at the position @ on the surface due to

the point source represented by moment tensor M and a single force F' at the
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Figure 1.8. Restitution of the vertical component ground displacement of a VLP
signal from White Island. (a) Raw velocity seismogram (b) Displacement trace with-
out removal of the instrument response (c¢) to (e) Displacement seismograms after
correcting for the instrument response and considering spectral components to a pe-
riod of 250, 500 and 1000 s respectively.

position £ we use (Chouet, 1996b):

Un(,t) = Mp, (€, 1) % Gpqo(&,x,t) + Fp(€, 1) x Gp(€, x, 1) (1.1)

where u,(x,t) is the n-th component of the displacement at the position  on
the surface at the time ¢, M,,(t) is the time history of the pg-component of the
moment tensor M at the source position &, F), is the time history of the force
applied in p-th direction at source (§), and G,,(§, z,t) is the np component of
the Green’s tensor relating the n-th component of the displacement at x with
the p-th component of the force applied at €. The , ¢ notation describes spatial

differentiation with respect to source coordinate §, and the symbol * indicates
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Figure 1.9. The moment tensor is composed out of nine force couples, where
diagonal components are linear vector dipoles and off-diagonal are force couples with
moment. Adopted from Aki and Richards (2002).

time convolution (Chouet, 1996b).

The Green’s functions (GF) are used to describe the Earth’s response at
the station at location @ and time ¢ for a perfect impulse source excitation. To
obtain the Green’s functions we need either direct measurement or an estimate
of the velocity and density structure of our subsurface model. The accuracy of
the calculated GFs can be strongly influenced by our (poor) understanding of
the propagation medium (Bean et al., 2008) which then impacts the accuracy
of the moment tensor inversion. Therefore, when discussing the uncertainties
in the moment tensor inversion results, Green’s functions are usually discussed
first. Later in this thesis, I will show how we also have to put a great emphasis
on the effect the seismic network configuration has on moment tensor inversion

results.
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1.5 Aim and Objectives

In this thesis I aim to show how to deal with VLP signals; how to identify
them, how to treat them to obtain the most information from the broadband
seismometer, and how to resolve and interpret their source processes depending
on the volcanic environment they are observed in, for a range of periods and
network characteristics.

The main objectives of this thesis are:

e Examine how seismic network configuration affects the moment tensor

inversion results.

e Study the influence the source orientation has on moment tensor inversion

results.

e Show how a volcano observatory can evaluate their ability to invert mo-
ment tensors for a variety of source orientations and volumetric compo-

nents in dependence on the station distribution.

e Study a VLP signal observed on Soufriere Hills volcano, Montserrat for
which a proper restitution process has been applied and estimate the

location and volume change using moment tensor inversion.

e Show that the oscillatory waveform of VLP signals at Whakaari is due
to the source mechanism in contrast to the case of Montserrat where
an oscillatory behaviour would be due to the incomplete removal of the

instrument response.

e Examine the hypothesis that the oscillatory VLP waveform observed on

Whakaari is due to poroelastic wave propagation.

e Examine whether a coupled fluid-solid system could explain the VLP

displacements in hydrothermal systems.
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1.6 Outline

After this introduction chapter, in Chapter 2 I develop and perform moment
tensor inversion resolution tests to see how different source orientations relate to
our ability to correctly invert for moment tensors when the station distribution
is varied. In Chapter 3 I perform moment tensor inversion for the VLP event ob-
served on Soufriere Hills volcano, Montserrat, estimating its source mechanism,
location, and source volume change. In Chapter 4 focusing on VLP waveforms
from White Island volcano, New Zealand, I first give an overview of Biot’s
theory for poro-elastic wave propagation. Then using the characteristic values
for this volcanic environment I perform numerical simulations of poroelastic
wave propagation to explain the observed waveforms. Further, I examine how
a coupled fluid-solid system can explain the oscillatory nature of the observed
waveforms. In Chapter 5 I discuss how these results help the broader vol-
canological community, how volcano observatories can use the moment tensor
inversion resolution tests to improve their ability to invert for source param-
eters in times of re-deployments or seismic upgrades of their seismic network,
and how using poroelastic theory rather than elastic can impact our modelling

of seismo-volcanic signals.
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Chapter 2

Moment tensor inversion

resolution tests

2.1 Introduction

One aspect of moment-tensor inversions that has been widely neglected is the
influence of the seismic network geometry. Lanza and Waite (2018) tested the
ability of 16 synthetic seismic networks with the number of stations ranging
from three to 40 to resolve the key components of the moment tensor. As
a case study they use Pacaya volcano, Guatemala for which they computed
synthetic seismograms for six input source models - (1) a dipping crack, (2) a
vertical crack, (3) an isotropic source, (4) a pure composite linear vector dipole
(CLVD), (5) a linear vector dipole (LVD), and (6) a double-couple (DC). In
this chapter, on a case study for Soufriere Hills volcano, Montserrat, in order
to estimate the influence of the seismic network configuration on the resolved
moment tensor components, I perform multiple moment-tensor inversions us-
ing the existing station configuration of the Montserrat Volcano Observatory
(MVO) and realistically subtracting stations to see how well can we resolve
different source mechanisms during a volcanic crisis, and adding stations to
enhance the azimuthal coverage and see how much our results improve. The
input sources are described as vertical DCs with varying strike directions to
also reveal the influence of the source orientation on the resolved moment ten-
sor. Additionally, I also show how it is possible, depending on the station
configuration, to get a good fit in the time domain, while the results for source

mechanism do not converge to an unique solution. Using these moment-tensor

21



Chapter 2. Moment tensor inversion resolution tests
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Figure 2.1. Map of Montserrat with its seismic network configuration.

resolution tests the observatories can test their existing station configuration
and enhance their ability to correctly invert for moment tensors by adding a

station at a certain location.

2.2 Case study

As a case study I use Soufriere Hills volcano, Montserrat. The seismic net-
work on the island of Montserrat consists of nine stations equipped with three-
component broadband seismometers (Figure 2.1). Water Works (MBWW) sta-
tion, deployed by the University of Leeds, Broderick’s Yard (MBBY), Windy
Hill (MBWH), Fergus Ridge (MBFR), Garibaldi Hill (MBGB), St. George’s
Hill (MBGH), Long Ground (MBLG), Lee’s Yard (MBLY), and Roche’s Yard
(MBRY). The 3-D topography is derived from a digital elevation map from
2003 with a resolution of 10 m. There were significant topographic changes
following the large partial collapse of the lava dome on 11 February 2010, and
the new DEM is used in the next chapter. For this part which is focused on
synthetic tests, I use the DEM from 2003.
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2.3 Numerical modelling and moment tensor

inversion scheme

2.3.1 Numerical domain

The synthetic seismograms and the Green’s functions, necessary for the MTI,
were computed using the spectral element method software SPECFEM3D (Ko-
matitsch et al., 2012). The numerical domain was 12 x 18 x 10 km?* with 400 m
grid spacing, topography included, and boundary conditions set to free surface
at the top of the model and absorbing boundaries on the other five surfaces.
I use a homogeneous velocity model with v, = 3500 m/s, vs = 2000 m/s,
and p = 2600 kg/m3. As this study is focused on the sensitivity of moment
tensor inversions to station configurations, the assumption of a homogeneous
halfspace was deemed appropriate. An important aspect of using a spectral
element method is creating an appropriate mesh representing our medium. To
avoid numerical dispersion, an appropriate grid spacing has to be calculated.
In order to do that we first have to think about the wavelength of our inspected
signal:

U .
Amin = ——, (2.1)
fmax

where Ay, is the minimal wavelength of our signal, vy, is the minimal velocity

in our model (i.e. vy), and fpax is the maximal frequency we will inspect. To
get the desired grid spacing we then take into account the number of nodes per

wavelength:
Ao
dh = 22 2.2
i, (22)

where dh is the maximal grid spacing and n is the number of nodes per wave-
length characteristic to each numerical scheme. Additionally, for the numerical
scheme to be stable, the following criteria for the size of the time-step has to
be satisfied:

dh
dt < 0.3—, (2.3)

Umax

where dt is the maximum time step and vy, is the maximum velocity in the
medium (i.e. v,). The factor 0.3 relates to Courant stability number for this

numerical scheme (Komatitsch et al., 2012).
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2.3.2 Moment tensor inversion

As this study aims to look at the influence of station configuration on the
resolved source models using moment tensor inversion, I use VOLPIS (Volcanic
Long Period Inversion for the Source, Cesca and Dahm, 2008), a Fortran based
moment tensor inversion code which operates in the frequency domain. As
convolution in the time domain equals multiplication in the frequency domain

we can re-write equation (1.1) as:
Un (@, W) = Mpg(w)Grpg(§, 2, w) + FL(§ w)Grp(§, @, w) (2.4)

Furthermore, using the abbreviations:

my = M1 mg = Mz ms = M3
ma = Mz ms = Mz mg= Ms3 (2.5)

m7:F1 m8:F2 m9:F3
we can compact equation (2.4) into (Cesca and Dahm, 2008):
up(w) = myp(w)Grp(w) (2.6)

where G, are now Green’s functions (GFs) relating to either spatial derivatives
of GF's when paired up with moment tensor components or to plain GFs when
paired with single force components.

As we now have ground displacement data (deconvolved seismograms and con-
verted into displacement) and we have obtained all GF's, which are the same
length and sample rate as the displacement data, we can solve equation (2.6)
for moment tensor components m, using least squares inversion (d = Gm).
The power of this inversion code is that it resolves both the time histories of
the surface displacements (or velocities) and the time histories of the individual

moment tensor (MT) and single force (SF) components.
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2.4 Seismogram vs Source

First I tested how well we can resolve a source model using different station
configurations, when the numbers of stations used in the inversion vary. The
source was placed below the volcano summit at 1000 m below sea level (b.s.L.).
The input source time history is described using a Gaussian with a period of 3 s.
The source used for calculating synthetic displacements was a pure vertical slip
with a moment magnitude (Mp) of 10'* Nm, dip (§) 90°, rake (\) 90°, and strike
(¢) of 60°. The displacement seismograms were calculated for two scenarios -
(1) when all nine stations are operational and (2) an “eruption” scenario where
only 4 most distant stations north-west of the volcano are operational (MBGB,
MBGH, MBWH, MBWW). We are interested in looking at both how well my
resolved seismograms fit with the my forward model (fit at the surface) and how
well does the inversion resolve the input source time history, i.e. time history of
the moment tensor components (fit at the source). Figure 2.2 shows the results
for the first scenario where all the stations are operational. As expected, the fit
at both the surface (Figure 2.2a) and at the source (Figure 2.2b) are good. The
only exception is station MBBY, however for these source parameters (¢ = 60°)
this station lies on the nodal plane, which can be inferred both by looking at the
map and by noticing the order of magnitude smaller displacement amplitude
at that station. Things change when we look at the second scenario where only
the four most distant stations are used (Figure 2.3). Surprisingly, the fit at
the surface is more than acceptable, however, when we look at the fit at the
source, we can see that the MT components are not resolved at all. This shows
that we shouldn’t trust the results from just the 'seismogram’ fit as it does not
guarantee the choice of the correct model for a non-unique solution.

A common methodology for finding the best solution of the moment tensor
inversion is based on minimising a weighted square misfit between the observed
(in my case synthetic observations) and resolved data (e.g. Ohminato et al.,
1998; Chouet et al., 2003; Cesca and Dahm, 2008):

5 S (dilty) — silt)?
misfit = Z:M:Ai , , (2.7)
» ‘:1(di(tj))2
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Figure 2.2. MTI using 9 station configuration showing: a) Resolved time histories
of the surface displacements (dashed red) compared to the surface displacements
obtained computing the forward problem (black). b) Resolved time histories for the
MT components (black) compared with the time histories of the input model (dashed
red).

where N; is the number of time traces, IN; is the number of time samples
for j-th trace, and d;(t;) and s;(t;) are the j-th samples of i-th time trace
for input data and synthetic time trace respectively (Cesca and Dahm, 2008).
The misfit results are dimensionless and normalised. However, because of the
examples shown in this section, in subsequent tests when calculating the misfit,
i.e. the goodness of fit for my results, for time traces I do not use the synthetic
observations and the resolved seismograms, but the input source model time

histories and the resolved source model time histories.
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Figure 2.3. MTI using 4 station configuration showing: a) Resolved time histories
of the surface displacements (dashed red) compared to the surface displacements
obtained computing the forward problem (black). b) Resolved time histories for the
MT components (black) compared with the time histories of the input model (dashed
red).

2.5 Influence of the source orientation

For this set of synthetic tests I expand the configurations of my tests. I place
the sources at three different depths; 0 m below sea level (b.s.l), 500 m below
sea level, and 1000 m below sea level. The source mechanism was again a
pure vertical slip DC, with M, = 10'2> Nm where the strike angle is varied
between 0° and 180° with 15° interval. Firstly, the tests were done using the

seismic network of nine stations. Figure 2.4 shows the results for resolve MT
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components when the source is placed at sea level (0 m b.s.l.). Source Model 1

(Figure 2.4a) is described using dip () 90°, rake () 90°, and strike (¢) of 30°:

My My M3 0 0 0.5
Mmodel 1= M21 M22 M23 = 0 0 0.866 | - (28)
Ms1 Msy Mas 0.5 0.866 0

The calculated misfit using equation (2.7) is 0.02.
Source Model 2 (Figure 2.4b) is a vertical slip with strike 195°:

My Myy Mg 0 0 —0.2588
M ode1 2 = Moy Moy Mys| = 0 0 —0.9659 | - (29)
Mgy Mszy Mss —0.2588 —0.9659 0

The misfit between the resolved time histories of M'T components and the input
MT components is 0.3. It is important to notice the “leakage” into diagonal
components of the MT (M, Mss, M3z in Figure 2.4b) in the MTI results. The
diagonal components are part of the isotropic part of the moment tensor and
they indicate a volume change at the source.

The third example used in this comparison is Source Model 3 (Figure 2.4c)

where the strike was 15°:

My My Mg 0 0 0.2588
Mmodel 3 = M21 M22 M23 = 0 0 0.9659 | - (210)
Mz Mz Mss 0.2588 0.9659 0

In this case, the misfit is 1.2 and the input model is not resolved at all. Now in
the next step I colour code my results based on the calculated misfits for the
whole range of modelled sources. If the misfit is below 0.1 the results are marked
as green, meaning that for that we can resolve source components correctly. If
it is between 0.1 and 0.8 they are coloured on a spectrum from yellow (0.1) to
orange (0.8), meaning that we need to be careful with interpreting these results,
and everything with a misfit above 0.8 is coloured red and those results should

not be trusted.
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Figure 2.4. Resolved MT components for three models with varying strikes: a)
strike = 30° with misfit = 0.02, b) strike = 195° with misfit = 0.3, c) strike = 15°
with misfit = 1.2. Black solid line indicates resolved time histories of M'T components
and dashed red line represents the input model time histories.

Now I map the source orientations for which we can resolve, or not, the MT
components (Figure 2.5). This is done for all three examined source depths.
We can immediately see the depth dependence of my results as for the source
depth of 1000 m b.s.l. we can resolve correct MT components for all strike

angles. However, for shallow sources the orientation plays an essential role.

2.6 Discussion

2.6.1 ‘Improvements’ to the seismic network

Naturally, the next step is to examine how the moment tensor inversion results
could be improved. The original seismic network configuration (Figure 2.1) only
has two stations (MBRY, MBLG) east of the volcano, therefore the azimuthal
coverage is not ideal. For this reason I added three stations on the eastern
part of the island - MBDS, MBJN, MBPS (Figure 2.6). As we would expect

29



Chapter 2. Moment tensor inversion resolution tests

SEA LEVEL 500 m -1000 m

MISFIT

Figure 2.5. Map of the source orientations for which we can resolve (or not) the
MT components for source depths at sea level, 500 m b.s.l., and 1000 m b.s.l. When
the misfit is below 0.1 the results are marked with green, meaning that we can resolve
source components correctly. When it is between 0.1 and 0.8 they are coloured on a
spectrum from yellow (0.1) to orange (0.8), meaning that we need to be careful with
interpreting these results, and everything with a misfit above 0.8 is coloured red and
those results should not be trusted.

the results are improved drastically. It is interesting to see that, although the
results for most of the strike angles are improved, for some it improved to a
lesser degree, e.g. strike 105° for the source at sea level, and for some strike
angles, e.g. strike 165° and 180° it became worse. A similar situation is seen
when the source is placed at 500 m b.s.l., where for the strikes of 105° and
135° the correct M'T components became impossible to resolve. However for all

other strike angles the results were greatly improved.

2.6.2 ‘Eruption’ scenarios

Next I looked at different ‘eruption’ scenarios where less than nine stations were
operational. I created four different models, two for network configurations with
six stations and two when the network configurations comprised four stations
(Table 2.1). Model A (Figure 2.7), consisting of six stations (MBBY, MBFR,
MBGH, MBRY, MBWH, MBWW), was used as it mimics the station config-
uration which was active during the March 2012 volcanic crisis when a VLP
signal was observed which is the focus of the Chapter 3. Model B (Figure 2.8)
again uses six stations (MBBY, MBFR, MBGB, MBWH, MBWW, MBDS)
where one station (MBGH) from Model A was replaced with a new synthetic
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12 stations

MISFIT

Figure 2.6. Improvements to the seismic network. The original station configura-
tion is represented using black triangles and the three new stations (MBDS, MBJN,
MBPS) are represented with blue triangles. There is a general improvement of the re-
sults, except for two strike angles for the source at sea level (¢ = 165° and ¢ = 180°)
and at 500 m b.s.l. (¢ = 105° and ¢ = 135°).

6 stations (A)

MISFIT

Figure 2.7. Station configuration and MTTI results for Model A.

station (MBDS) to improve the azimuthal coverage east of the volcano sum-
mit. The MTTI results for these two models are somewhat comparable, for the
shallower source depths the overall area of the map in green is similar for the
two models but where for some strike angles it was possible to fully resolve MT
components, it was not possible to resolve them in the other model. Surpris-
ingly, for the largest depth, it was possible to correctly resolve MT components
for almost all strike angles, while I didn’t have the same efficacy in the Model
B set up.

As expected for the other two models (Models C & D) where only 4 stations

were used in the inversions the results were inferior. For the Model C only
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MISFIT

Figure 2.8. Station configuration and MTI results for Model B.

the four most distant stations (MBGB, MBGH, MBWH, MBWW) from the
volcano were used in the inversion (the same station configuration model used
in Section 2.4). Although the seismograms were able to be resolved perfectly
as seen in the Figure 2.3 we can see that MT components couldn’t be resolved
for any of the strike angles (Figure 2.9). However, if we keep the number of
stations the same, just exchange one station (MBGH) with another one on the
other side of the volcano (MBRY) the results are improved, especially for deeper
depths (Figure 2.9). This shows the influence the azimuthal coverage has on
the moment tensor inversion. Lanza and Waite (2018) report that in their tests
for the station configurations which have maximum azimuthal gaps between
adjacent stations less than 130° they were able to obtain better results than
for than configurations with the same number of stations but larger azimuthal
gap. Similarly, we see here that when adding a station which is &~ 180° away
from its adjacent stations we can considerably enhance the ability to correctly

resolve M'T' components.
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4 stations (A)
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Figure 2.9. Station configuration and MTI results for Models C (top) and D (bot-
tom).

Table 2.1. Different station configuration models used for the eruption scenarios.
Station names in blue indicate the new synthetic stations.

Station | Model A | Model B | Model C | Model D
MBBY v v
MBFR v v
MBGB v v v
MBGH v v
MBLG
MBLY
MBRY
MBWH
MBWW
MBDS
MBJN
MBPS

NENEN
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Figure 2.10. Influence of isotropic component on MTIs using 9 stations. Comparing
with Figure 2.4 we can see how the area of well resolved MT components becomes
bigger as we include the isotropic component.

2.6.3 Influence of the isotropic component

A big focus of my research are very-long period (VLP) seismic signals. As
they are caused by sudden pressure transients inside a volcanic edifice often
caused by volcanic fluid movement, we can expect a significant isotropic com-
ponent of the moment tensor. For this reason, I examine the influence of the
isotropic component in these moment tensor inversion resolution tests. I keep
the off-diagonal M'T components of my input signal the same but I add either
My = My, = Mss = 0.5 or My; = Myy = M3z = 1.5 as my diagonal MT
components. The tests are then done for MTT using the nine station configura-
tion (Figure 2.10) and for the Model A station configuration (Figure 2.11 and
Figure 2.12). The influence of the added isotropic component is visible in all
of the examples. This was an encouraging result prior to performing moment
tensor inversion on real data for the observed VLP signal on Montserrat which

is presented in the next chapter.

2.7 Conclusion

These tests show the absolute necessity to take into account the seismic network
configuration when performing moment tensor inversions. Special care has to

be taken when the number of stations used in the inversion is small and/or
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Figure 2.11. Comparison between how well can we resolve MT components using
a 6 station network configuration when the isotropic component is applied and when
it is not. The value for the isotropic MT components used in these tests is 0.5.
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Figure 2.12. Influence of isotropic component on MTIs using 6 stations.
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the azimuthal coverage is poor, that the seismogram fit between observed and
resolved waveforms is not indicative of a correct moment tensor result as it does
not guarantee the choice of the correct model for a non-unique solution. While
temporal networks are often designed so they have great azimuthal coverage
with stations near the source, permanent seismic network configurations are
often affected by the inaccessibility to certain locations. These tests can there-
fore be performed by volcano observatories to predict their ability to invert
for a variety of source orientations, with or without volumetric components, in
dependence on the station configuration and draw upon these results in times
of re-deployment or seismic upgrades of their seismic network in order to add,
remove or exchange certain location of the stations. In future work it would
also be of great interest to see the possible influence of station configuration on

the ability to locate earthquakes.
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Chapter 3

VLP signal on Montserrat - A
MTI Case Study

3.1 Introduction

The eruption of Soufriere Hills volcano (SHV) began in 1995 and has consisted
of five phases of magma extrusion, the last of which ended on 11 February
2010. After more than two years of quiescence with no lava extrusion and
low seismicity, two swarms of around 50 volcano-tectonic (VT) earthquakes
occurred at SHV on 22 and 23 March 2012 (Smith, 2015). The most intense VT
swarm lasted for around 15 minutes, starting at 07:10 UTC on 23 March 2012
(Figure 1.7a). During this swarm, a local magnitude (M) 3.9 VT earthquake
was observed at 07:20 UTC making it the largest VT earthquake ever observed
on Montserrat till that date. This was followed by three hybrid events that
terminated the swarm at 07:22 UTC (Cole et al., 2012). Several hours after
this swarm, a short episode of ash venting began and an elevated SO, flux was
recorded between 23 and 27 March - peaking at 4600 t/day on 26 March 2012.
What made this VT swarm unique were two ‘hidden’ very-long period (VLP)
signals which were observed across the MVO (Montserrat Volcano Observatory)
seismic network during this swarm coinciding with a large amplitude strain
signal (~ 280 nano strain) recorded on borehole strainmeters on the island
(Hautmann et al., 2014).

Although some VLP seismicity can be seen clearly on broadband veloc-
ity seismograms (e.g. Jolly et al., 2017), VLP signals often cannot easily be

identified in the velocity domain. This is due to the instrument acting as a
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Figure 3.1. a) 16 min record of a VT swarm observed on 23 March 2012. b)
Displacement seismogram obtained after a restitution process where we considered
spectral components to a period of 1000 s showing the two VLP signals. ¢) Five min
long time window showing the larger VLP signal.

differentiator converting ground displacement to velocity, whereby the instru-
ment amplifies the high frequencies. Furthermore, a band-pass filter is applied
defined by the instrument response. In such a case, a simple way to identify
a VLP signal is to integrate the velocity seismogram or to apply a low-pass
filter. In our case, after integrating the velocity seismogram, we see two clear
VLP signals, one starting at 07:16 UTC and the other one, with much larger
amplitude, at 07:19 UTC (Figure 3.1).

In this chapter I focus on the second, larger amplitude signal and use it as a
case study to highlight the significance of the correct treatment of instrument
removal as a necessary, crucial step in data processing. It is worth noting that
when the periods of these signals fall into the far end of the very-long period
range they are often referred to as an ultra-long period (ULP) seismic signals.
The event I am describing in this chapter falls into that range of ULPs, however
I choose to call it a VLP as the source process between these two types of signals
does not differ.

This chapter is based on Sindija et al. (2021) where we emphasise the impor-
tance of taking into account how different seismometers influence the observed
signals and what the necessary processing steps are in order to retrieve the
maximum amount of information from the observed waveforms (Figure 1.7).

We try to retrieve information suppressed by the instrument and subsequently,
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use this information in the moment tensor inversion to estimate the location
and other source parameters. The so-called restitution process, i.e. obtaining
the time-history of the VLP surface displacements, described in Section 1.3 and
the ground displacement modelling was part of my Master by Research degree.
The moment tensor inversion segment of the work is the product of my PhD

work.

3.2 Data acquisition

At the time of the event the seismic network on the island of Montserrat con-
sisted of nine stations equipped with three-component broadband seismometers.
Due to recording problems, the number of stations available for this study was
reduced to six: Waterworks (MBWW) station, deployed by the University of
Leeds, equipped with a 120 s Giralp-3T broadband instrument, Broderick’s
Yard (MBBY) and Windy Hill (MBWH) stations with 60 s Giiralp-3ESPC
broadband instruments, and stations Fergus Ridge (MBFR), St. George’s Hill
(MBGH), and Roche’s Yard (MBRY) equipped with 30 s Giiralp-40T broad-
band instruments (Figure 3.2). All data were recorded with a sampling rate of
100 Hz and were processed using the software package Obspy (Krischer et al.,
2015).

3.3 VLP ground displacement

Figure 3.1c shows the vertical component ground displacement of the VLP
signal observed at MBWW, obtained by the restitution process described in
Section 1.3. However, due to the very low frequency content of the VLP, the
restitution method described in Section 1.3 was not applicable for the stations
equipped with instruments with natural periods shorter than 120 s. These
instruments have a much lower signal to noise ratio at long periods. A way
around this problem is using the following forward modelling technique: we
assume a ground displacement model, or adopt the one determined by the 120
s instrument as a starting model. Next we apply the instrument response of
the 60 s or 30 s seismometers to this trace, differentiate it, and compare the
resulting synthetic velocity seismogram with the velocity data. As a start-

ing model for ground displacement we use an approximation of the waveform
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Figure 3.2. Topographic map of Montserrat with 6 operational stations on March
23, 2012.

that we obtained from the vertical component of the 120 s instrument at the
MBWW station. Vertical components are generally less affected by noise than
the horizontal components. One has to be aware that such an approach makes
all following results highly dependent on the single station MBWW. If the in-
strument response is even slightly incorrect the effect will be carried across the
network into all synthetic displacement seismograms and, therefore, into the
model. Similarly, any other noise at MBWW would be carried through to the
rest of the stations.

In the limited 5 min time window (Figure 3.1c), the restituted signal ap-
pears to be a step function, however, outside this time window the long term
behaviour cannot be uniquely determined. As the signal was recorded with
a velocity sensor (seismometer) a static offset represented by the step func-
tion will always decay to zero. Nevertheless, focusing on the source process
in our volcanological study, we are interested in the initial slope of the signal.
Therefore, in contrast to VLP signals on other volcanoes that are observed and
interpreted as oscillatory behaviour (e.g. Dawson and Chouet, 2014; Caudron
et al., 2018) and the VLP signal from Whakaari described in Chapter 4, we
assume a step-like displacement. We model it by using the Richards Growth
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Equation (RGE), a generalised logistic function defined by upper (K) and lower
(A) asymptotes, the curve growth rate (B), the time of the maximum growth
(M), and the asymmetry parameter (v) (Richards, 1959; Green and Neuberg,

2005):
K- A
[1+ eBG=—M1/v

Y(t)=A+ (3.1)

We adjust the parameters of the step function to match the restituted
ground displacement of the vertical component of the 120 s instrument (Fig-
ure 3.3). This trace is now used as the input to create the synthetic velocity
seismograms for the 120 s, 60 s, and 30 s instruments, respectively. First we
apply the 120 s instrument response (including differentiation), apply a low-
pass filter with cut-off frequency of 0.05 Hz, and compare it with the data of
MBWW where the same low-pass filter had been applied to remove the su-
perimposed short-period events (Figure 3.3). The comparison shows that even
though the amplitude of the step function is well constrained by the restituted
data from the MBWW station, the modelled step function does not match the
detailed time history in the velocity domain. The same discrepancy is also
seen when comparing the resulting velocity seismograms of the band-limited
stations with the original data on other components and stations. Upon more
detailed analysis of the restituted ground displacement at MBWW we noticed
a change of slope in the step function approximately 1.5 minutes (o) into the
trace. To model this discontinuity, we designed a two-phase step function using
the RGE as a basis to see if a change in the slope can explain the discrepancy
in the velocity domain. The modified step function is therefore divided into

two phases, Ypnaser and Yppaseo (Figure 3.3) described respectively as:

Kl — Al

Vowwer () = A1+ s < (3.20)
Ky,— A

thaseZ (t) = AQ + 2 2 s t> to. (32b)

[1 + eBQ(t—MQ)]I/Q

We make the crucial assumption that the change in the slope happens at
the same time for all components at all stations. Due to the wavelength of the
signal, the arrival time difference at different station is negligible, therefore we
can take this assumption into account. The function is made continuous by

selecting Ay which minimises |max( Yphase1) — min( Yphase2)| at to. Applying the
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Figure 3.3. Ground displacement models (blue dashed lines) based on the restituted
ground displacement (grey) at MBWW on March 23, 2012; using a simple step
function (left) and using a 2 phase step function (right). We apply the band-pass
limited instrument response and differentiate both ground displacement models and
then compare the resulting synthetic velocity data (red dashed line) with the low
passed filtered (below 20 s) observed data (grey). The green vertical line represents
the onset time of the change of slope and the roman numerals represent the two
phases of our modelled step function.

instrument response to this model for ground displacement produces a synthetic
velocity seismogram which now matches the data in the velocity domain. After
we have shown this model works for a station equipped with 120 s instrument,
we examine how well our ground displacement model fits at stations equipped
with 60 s and 30 s instruments. While for station MBWW the displacement
model is fitted to the restituted ground displacement, for other stations we use
the simulated annealing (SA) method (Du and Swamy, 2016) to determine the
best fit. We vary the ground displacement model parameters equation (3.2) and
the goodness of fit is measured in the velocity seismogram. A 95 % confidence

interval has been included on the overall step amplitude estimate. Therefore, a
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10% uncertainty in the estimate of the step amplitude linearly translates into
10 % uncertainty in the volume change estimate in Section 3.4.1. Using the
method of Wielandt and Forbriger (1999) we also removed the effect of the tilt
from the horizontal components. Our results show that the two-step model
can explain the observed velocity waveforms on all available stations in the
network for both the vertical and horizontal components (Figure 3.4, Figure 3.5,
Figure 3.6). Furthermore, the results from 60 and 30 s stations reinforce our
selection of the 1000 s high-pass filter as appropriate for the restitution process
because if our ground displacements were not a step-like function it would
not provide a good match in the velocity domain. While the combined fit in
the velocity and displacement domain was necessary to circumvent the band-
width limitations of 30 and 60s instruments, this approach also revealed the
advantages of capturing details in the time history of the signal in the velocity
domain.

The final best fit models are shown in Figure 3.5 and Figure 3.6 and the
horizontal displacement vectors, based on the maximum displacement ampli-
tudes are shown in Figure 3.7. Based on the directivity and the amplitudes
of the restituted and modelled ground displacements, we can infer a shallow
source. Furthermore, we must note the directivity of displacements at MBBY
as it is the only station where the vertical component displacement is negative
and the horizontal components are directed ‘away’ from the source (assuming
a source below summit of the volcano). The possibility that the station was
installed with reversed polarities was discarded by comparing teleseismic earth-
quake data across the entire network. Therefore, I continue the analysis with
unchanged polarities at MBBY.

3.4 Moment tensor inversion

Only after we perform the appropriate restitution process, obtaining the ampli-
tude and time history of the displacements, we can evaluate the volume change
at the source by performing a moment tensor inversion. I approach this prob-
lem from several angles: (a) using the previously described MTI code VOLPIS
(Cesca and Dahm, 2008) where I solve for both source time history and the
MT components and (b) by performing an MTT where the source time history

is assumed.
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Figure 3.4. Vertical (left) and radial (right) component of the modelled ground
displacements for stations MBWH and MBRY using the 2 phase step functions. The
95 % confidence intervals are shown as grey shaded areas. After simulating the
instrument response we compare the synthetic velocity data (red dashed line) with
the observed data (grey). A low-pass filter with cut-off frequency of 20 s is applied
to both synthetic and observed data.

3.4.1 Method A - Resolving both source time history

and MT components

Using the VOLPIS code (Cesca and Dahm, 2008) one can resolve both the
moment tensor (MT) and single force (SF) components, as well as the source
time history. To simplify the MTT but still keep the necessary information ob-
tained from the restitution and ground displacement modelling, I also simplify
the resolved source time histories. As in the MTI, we are mostly interested in
the amplitude of the step-like displacement itself, I model the displacements
again as a simple step function (equation (3.1)). The simple displacements are
modelled individually based on the 2 phase step function so the start, end, and

the maximum amplitude of the ‘static’ displacement is equal. Additionally,
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Figure 3.5. (a) Displacement models for all three components at stations MBWW,
MBWH, and MBBY. (b-d) After applying the instrument response and differentiating
the resulting synthetic velocity seismogram is band-passed (red dotted) and compared
with the band-passed velocity seismogram (grey). The velocity seismograms are
filtered between 0.001 and 0.05 Hz.

as VOLPIS is a frequency domain inversion code, the large static step at the
end of the displacement models could make the inversion unstable. Therefore

I differentiate the resulting displacement step models:

u(t) = %Y(t) = F ! [jwY(w)], Y(w) = F[Y(t)] (3.3)

where v(t) represents the velocity trace, Y (t) is a simple step function, and
the F indicates the Fourier transform. The MTTI is therefore performed in the
velocity domain resulting in the moment rate components. The resolved mo-
ment rate components are then integrated and can be directly compared with
the source time history used for modelled displacements. The Green’s func-
tions are computed using a spectral element method SPECFEM3D (Komatitsch

et al., 2012), for a volumetric grid (2.0 km x 1.2 km x 0.8 km) (Figure 3.8) of 385

45



Chapter 3. VLP signal on Montserrat - A MTI Case Study

O — 00—t OB
ol Vertical | Vertical North
= 04 Vertical |
£
=
o
£ East | )
3
=
5
[a) North
B— o ————————————— B -1
05 I L 3 I |
_ L Vertical | h Vertical Vertical
2 i 1 hon r i
EREN AW Aol VAR f W S £ WL N S S § 1 ]
2 il
3 o ool i Tk e kA g l
= b)
= 1 L
L
2 *
- 15
25 3 ; i =
1 East | ] 1] East | h East
—_ ] '
v B I
s | |
£ { ©)
o H
= 04~ mn s A O F I SR R 0 A I T R A | ISR 4 Oy 4
e L A B es b
z "AIR
o} h
>
-LS, 3
7 i 3
1 h North | | North | North
— 1 [ I “ l‘
<] B 0! s
=1
ER " hoM
mo | 1 0 \ Mk d)
Mo HE L L
S (R 3 L% o X0 i 1
= 0] [ '
z ] ] b
=
3

-4 B - T T T T T T T T T T T T T T
07:18 07:19  07:20 0721 07:22 0723 07:18 07:199 0720 0721 07:22 0723 07:18 07:19 0720 0721 07:22  07:23
TIME 23/03/2012 UTC TIME 23/03/2012 UTC TIME 23/03/2012 UTC

Figure 3.6. (a) Displacement models for all three components at stations MBFR,
MBRY, and MBGH. (b-d) After applying the instrument response and differentiating
the resulting synthetic velocity seismogram is band-passed (red dotted) and compared
with the band-passed velocity seismogram (grey). The velocity seismograms are
filtered between 0.001 and 0.05 Hz.

possible source locations with grid spacing of 200 m centred below the summit
of SHV. The Green’s functions are calculated taking into account topography
and assuming a homogeneous halfspace with v, = 3500 km/s, vs = 2000 km/s,
and p = 2600 kg/m3. The VLP signals have wavelengths much larger than
the source-receiver distances, therefore we shouldn’t expect any influence from
short wavelength subsurface heterogeneities, and the assumption of a homoge-
neous halfspace is justified. Results shown in Figure 2.12 in Chapter 2 showed
that we can be fairly certain to resolve MT components if the isotropic compo-
nents of the source MT are large. Therefore, assuming that I can estimate the
location of the source by performing the MTI for each point in this volumetric
grid and finding the minimum misfit between observed and synthetic velocity

seismograms through the inversion using:
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Figure 3.7. Horizontal displacement vectors at all available stations derived from the
maximum amplitudes of the restituted/modelled step functions. The displacement
amplitudes for all three components are shown in the table in the top right corner.

misfit =

(3.4)

where N; is the number of time traces, M; is the number of time samples
for j-th trace, and d;(¢;) and s;(t;) are the j-th samples of -th time trace for
input data and synthetic time trace, respectively (Cesca and Dahm, 2008). The

misfit results are dimensionless and normalised. The data were decimated to

3 Hz sampling rate and bandpassed between 0.001 and 1 Hz. The inversions

are done with the constraint that the source parameters have the same time
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histories for the six MT components and a (possibly) different one for the SF

components.

z (m)
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Figure 3.8. (top) Zoomed in map of Montserrat showing the horizontal boundaries
of the volumetric grid of possible source locations. Location of the best-fitting model
is shown with the red star. (bottom) Cross section profile (extracted from point A to
point B) showing the depth of the source and its relative location from the summit
of the SHV.

The best-fitting model was found to be at depth of 600 m, 1000 m west
and 400 m south of the volcano summit (Figure 3.8). The resulting waveform
fit (Figure 3.9) shows a good fit for all three components at all stations. The
resulting moment and single force time histories are shown in Figures 3.10. By

normalising the resolved moment tensor (Figure 3.10):

My Mye My, 0.53 —0.29 —0.55
M =My | My, Mg M| =38x10" |—-029 013 —0.44|Nm (3.5)
Mzn Mze Mzz _055 _044 073

we estimate the scalar seismic moment (M) to be 3.8 x 10" Nm. The

resolved vector of single forces is:
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Figure 3.9. The seismogram fit in the velocity for three components at the available
stations for the March 2012 event. Black solid line represents our input data for the
inversion, while the dashed red line represents the best-fit solution synthetic data.

F, 0.17
F=F |F|=33x10" |_—075|N (3.6)
F, —0.64
Comparing the maximum amplitudes of single force components (Figure 3.10)
S nor SFQ&S
and their moment counterparts we see that | B =0.0003 m!, |22t =
M My,
SFver . .
0.005 m~!, and | A : | = 0.0007 m~! demonstrating that the single force com-

ponents are negligilﬁe. Following the decomposition of the resolved moment
tensor by Vavrycuk (2001), we calculate the percentage of isotropic component
to be 64%, CLVD component 12%, and double couple component to be 24%.
The shear component has a strike of 187°, dip 21°, and rake 146°. The volume
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Miso
(A+3n)
represent isotropic moment and A and p are the Lamé parameters. Assuming a

change (AV) at the source is then estimated using AV = , where Mg,

Poisson’s ratio v = 7 (A = p) and the model space velocities as defined above,
we estimate the source volume change to be AV = (1015 £ 100) m®. However,
for volcanic rocks at or near liquidus temperature it may be more appropriate
to use a Poisson’s ratio v = %, (A = 2u) (Murase and McBirney, 1973) which

results in a source volume change AV = (635 4 60) m?>.
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Figure 3.10. The resolved source time histories for the moment tensor and single
force components (black). The average source time function used for the modelled
displacements is multiplied with the moment tensor/single force component (dashed
red line) so we can compare how well the shape of the displacement step function is
resolved.

3.4.2 Method B - Assuming the source time history

In equation (1.1) we stated how the observed displacement field u at the station
at position x can be described as an excitation of a point source at the position
& represented by a moment tensor M and a single force F'. Using the notation

from Ohminato et al. (1998) for the moment tensor and single force components:
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my = My mg = My mg = M3
my = Mz ms = Mz mg = Mss (3.7)

my=F, mg=1F;, mg=1F3

and for the Green’s functions

gn1 = Gn,n gn2 = Gn,u gn3 = Gn,13
9na = Gn,ls gns = Gn,23 gne = Gn,33 (3'8)

gnt = Fn,l gng = Gn,2 gn9 = Gn,S

we can re-write equation (1.1) as

up(x, ) = Z mi(t) % gui(t). (3.9)

As VLP signals have wavelengths of tens to hundreds of km, it places all
of the seismic stations in the so-called near-field, i.e. within one wavelength
from the source. In the near-field, the seismic displacement at the surface
is directly proportional to the deformation at the source. In this example,
where we observe a signal with a dominant period of approximately 100 s, or
corresponding wavelength of 350 km, all stations are in the near field and we
can relate our restituted displacement and models directly to the source volume
change. Based on this fact and the results from my previous section where the
source time histories of the M'T components matched the “input” step functions,
I can assume a source time function Sy and, due to commutative and associative

properties of multiplication and convolution operations, rewrite m;(t) as:

and therefore, rewrite equation (3.9) as:

un(®, 1) = Zmi(t) * gni(t) = Zm (So(t) * gni(t)) = Zmigin-(t), (3.11)
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where ¢/.(t) are ‘practical Green’s functions’, i.e. Green’s functions con-
volved with the source time function (Maeda and Takeo, 2011). However, this
time I only invert for the moment tensor components, as the previous method
revealed the negligible influence of the single forces. Therefore, instead of nine
moment tensor and single force components in equation (3.11), I am only solv-
ing for the six moment tensor components. The volumetric grid of possible
source locations for which the ‘practical Green’s functions were calculated is
the same as in the previous method (1.2 km x 1.2 km x 0.8 km) and the
practical Green’s functions are calculated using the same method and medium
as above. After I obtain the 'practical Green’s functions’ for each grid point,
I estimate the location of the source by finding the minimum misfit between
observed displacement seismograms and obtained synthetic displacement seis-
mograms through the inversion using equation (3.4).

The best fitting model is located 400 m east and 600 m south of the summit
of SHV at depth of 0 m (Figure 3.12). The resolved MT has the magnitude
My = 1.6 x 10' Nm and its MT components are:

My Mye M, 049 0.14 —0.37
M =My | My M, M,|=16x10"|014 049 075 |- (3.12)
My M,e My, —0.37 0.75  0.30

The percentage of isotropic component is 42 %, CLVD component is 10% and
1

DC component is 48 %. Assuming a Poisson’s ration v = T (A = p) the volume

change is estimated to be AV = 3.9 x 10* m?® while assuming Poisson’s ratio

1
V=3, (A = 2u) the volume change is estimated to be AV = 2.4 x 10% m3.

3.5 Discussion

3.5.1 Comparison of results

We can directly relate the observations at the surface to the source mecha-
nism, by comparing the inverted time histories of moment tensor and single
force components with the modelled source time function and, hence, obtain

another verification of our moment tensor inversion result. Those show the
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Figure 3.11. Results from the inversion using Method B for the March 2012 VLP
event. The observed ground displacements are represented with the black line, while
the results for the inversion for a source at depth 0 m are represented with the dashed
red line.

source mechanism of the best-fitting model is an explosion with a strong shear
component (Figure 3.13). However, we can see the discrepancy between the
source locations and the source volume change estimated using the different
methods. The potential bias of individual methods was then examined by two
simulations - (1) Taking the moment tensor solution from Method A and using
it as the input for the forward problem after which the MTI was performed
using Method B (assuming a source time history and without single force com-
ponents) and (2) the other way around, taking the moment tensor solution from
Method B and using it as the input for the forward problem after which the
MTTI was performed using Method A.

For the first simulation I take the resolved location, moment tensor (equa-
tion (3.5)), and single force (equation (3.6)) and use them as a input source
parameters for the forward problem. Then the combined displacement seismo-
grams from these two source processes are used as an input for the MTI where
only MT components are solved for. The MTI results in the correct location
and correctly resolved MT components. As expected, this result proved that
the influence of the single force components is negligible.

In the second simulation I take the resulting seismograms from Method B
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Figure 3.12. (top) Locations of the best-fitting model estimated using Method A
(red star) and Method B (blue star). (bottom) Cross section profile showing the
depth of the sources and their relative location from the summit of the SHV.

and use them as the input data for moment tensor inversion performed using
Method A. The idea is to check if this method shows any leakage of the moment
tensor components into single force components. The MTI does not result in
the correct location of the source as it moves the source 200 m north and 400
m west on the grid. The resulting velocity seismograms (Figure 3.14) again
show a good seismogram fit. However, as it was previously shown, a good
seismogram fit does not necessarily result in an equally good source components
fit (Figure 3.15).

3.5.2 Source excitation

Using strain data from 3 borehole dilatometers, Hautmann et al. (2014) de-
scribed this ash venting event as being initiated by the ascent of magmatic
fluid from deeper magmatic system into a shallow dyke. However, based on our
estimate of volume change and depth we can speculate that it is not the sudden
movement of magma that initiated this event. As there was an elevated SO,
flux recorded after this VLP event we speculate that the source excitation for
this event was gas accumulation and release after a new summit vent opened.
The resolved downward single force component corresponds to the sudden re-
moval of the vent seal (Ohminato et al., 2006b). A different hypothesis is that
the VLP event was due to CO, flushing. If the free gas phase of CO,, degassing
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Figure 3.13. Hudson plots showing the source mechanism resolved using (a) Method
A and (b) Method B. Both methods estimate the source mechanisms to be an explo-
sion with a strong shear component.
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Figure 3.14.

MTTI performed with Method A showing resolved resolved velocity

seismograms (red dashed line) compared with the input velocity traces (solid black)
obtained using Method B moment tensor inversion.

at larger depths hits a supersaturated magma batch it can trigger the rapid ex-

solution of water resulting in a sudden volume change (Caricchi et al., 2018).

Looking at a broader aspect of the previous eruptive behaviour of SHV, such

modulations could have been a trigger for the onset of a new eruptive phase

which would explain why it is not the overpressure or a certain volume recharge
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Figure 3.15. MTTI performed with Method A showing resolved MT and SF compo-
nents (solid black line) compared with the input source mechanism (dashed red line).

The input mechanism used was the resolved MT using Method B.

that needs to be reached to start an eruptive phase (Figure 3.16).
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Figure 3.16. Approximation of the cumulative source volume change since the start
of the eruption in 1995. The volume extruded during eruptive phase always exceeds
the volume replenished during quiet periods. The dashed line marks the onset of
renewed extrusions and links it to the timing of the ash-venting episode studied here.
Adapted from Neuberg et al. (2018).
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3.6 Conclusion

The analysis of the VLP signal observed on 23 March 2012 during an outgassing
and ash-venting event on Soufriére Hills Volcano, Montserrat provides a great
example how VLP signals can and should be processed. It is of great impor-
tance to carry out the proper processing steps in order to retrieve the maximum
amount of information from the observed seismograms if we want to interpret
source mechanism of VLP signals correctly. I show how forward modelling of
the ground displacement can reveal much more details of the source process,
since the small changes in displacement are enhanced in the velocity seismo-
gram. Additionally, a moment tensor inversion was performed and estimated
the source mechanism to be an isotropic mechanism with a strong shear com-
ponent. The resulting volume change, potentially caused by CO, flushing is

3

estimated to be in the range of 0.6 — 1.1 x 10> m3. This volume change can

be compared with the one observed at Potocatépetl where Chouet et al. (2005)

3. By combining the results from

report the volume change to be ~ 1000 m
the restitution process, forward modelling, and the moment tensor inversion
we interpret the source mechanism of the event to be a volume opening with a
complex, static source displacement and a strong shear component acting in a
two-phase motion with a rapid onset and a slower continuation of the motion.
Future work around this event could focus on explaining the two phases of the
static displacement and based on the results from this and previous chapter,
creating a technique where the source parameter uncertainties caused by the
station configuration can be estimated using a Bayesian probabilistic source

inversion scheme.
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Chapter 4

VLP source mechanism in

hydrothermal systems

4.1 Introduction

In this chapter I explore a source mechanism for VLP seismicity on White
Island, New Zealand (WI) with the local name Whakaari, moving to a hy-
drothermal volcanic environment, a different volcanic environment compared
to Chapter 3. The VLP displacements observed at Whakaari are interest-
ing as they differ from the displacements observed at Montserrat (Figure 4.1).
Their oscillatory displacement waveforms have previously been attributed to
inflation/deflation source process. In this chapter I will test two different hy-
potheses which might explain the differences in the observed waveforms. First
I investigate whether the oscillatory behaviour of the VLP displacements at
Whakaari is an effect of wave propagation in a poroelastic medium. The sec-
ond hypothesis comes from a simple fluid-solid coupling, where I test if this
(damped) oscillation is a product of the impedance difference between the two
media. Poroelastic wave propagation has been studied extensively starting with
Biot’s theory which was developed in a series of papers in 1950’s and 1960’s
(Biot, 1956a,b, 1962), and it is the most popular theory to describe the elastic
wave propagation through a fluid-filled porous medium. It has been used in
geomechanics, hydrology, and as well in biomechanics, tissue mechanics and
cell mechanics. His theory predicts two compressional (P) waves and one shear
(S) wave as an effect of the interaction between the fluid and the solid. The

fast P-wave has solid and fluid motions in phase while the slow (Biot) P-wave
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Figure 4.1. Comparison of different VLP displacement waveforms at Whakaari
observed on October 3, 2013 and Montserrat observed on March 23, 2012.

has out of phase motions. This phenomenon has been proven experimentally
in the 1980s (e.g. Chandler, 1981; Van Der Grinten et al., 1985). Numerical
modelling of the poroelastic wave propagation has been done using different
kinds of numerical methods, namely finite difference, finite-element, and the
spectral element method. Carcione et al. (2010) give an extensive review on
the different numerical methods used in computational poroelasticity. As the
problem of poroelastic wave propagation has not been studied in the context
of volcano-seismology, I focus on the possible effects of the poro-elastic wave
propagation in comparison to classical, elastic wave propagation.

In the next section I introduce in detail Biot’s theory for poroelastic wave

propagation, how I implement it in my numerical scheme, and give results for
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my numerical simulations for different scenarios. In Section 4.3 I explore the
hypothesis of the fluid-solid coupling as an explanation for the seismic signature
of VLPs on Whakaari.

4.2 Poroelastic wave propagation

The initial hypothesis for the description of the observed VLP waveforms on
Whakaari was that it is due to wave propagation in a poroelastic medium.
Whakaari’s geology in terms of porosity characteristics has been studied ex-
tensively. Heap et al. (2017) used field and laboratory experiments to measure
the permeability of and density/porosity of almost 150 samples collected at
Whakaari. Their results give a range of possible porosities, from ~ 0.01 to
~ 0.7, and permeabilities in the range of ~ 107! to ~ 107! m2. Although the
values for permeability vary by eight orders of magnitude, I consider them end
members of my models, where I incorporate this information into a complex
volcano environment with a coupled fluid-solid medium.

The specificity of the poroelastic wave propagation versus the “plain” elastic
wave propagation is the existence of an additional, slow P wave which is gener-
ated by the relative motion between the solid frame and the fluid in pores. The

models presented in this chapter are 2D models in a homogeneous halfspace.

4.2.1 Biot’s Theory

The Biot’s theory was developed in a series of papers in the 1950’s and 1960’s
(Biot, 1956a,b, 1962) and it is an often used theory to describe the elastic wave
propagation through a fluid-filled porous medium. The equation of motion
through porous media has been previously derived using multiple methods and
here I will recapitulate one of the original methods from Biot (1955, 1956a,b,
1962) using Biot’s original variable names. If we consider a volume of the fluid-
filled porous system as a cube of unit size, the stress tensor of a porous material

1s:

Ozz + 8 Ogy Ogz
Opy  Oyy TS Oyz |- (4.1)
Ozz Oyz 0.+ s
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We can see that this stress tensor can be separated into two parts. First part,

describing the force components acting on the solid part of the unit cube:

Oxe Ogxy Oxz

o= (4.2)

Ozy Oyy Oyz|>

Ozz Oyz Oz

and the second part describing the forces acting on the fluid part of each face
of the cube:

s 00
0 s 0f, (4.3)
0 0 s

where the scalar s is defined as :

where ¢ is porosity and p is the hydrostatic pressure of the fluid in the pores. We
can look at this problem as a general elastic system with conservation properties
(Biot, 1955). The solid matrix has compressibility and shearing rigidity, the
fluid can be compressible, and the deformation is reversible. This deformation
is explained using the strain tensor. The strain components for the solid part

are defined as:

S ou,, . ou,, N %
S e ox’
Ou, ou, Ouy
= — pu— 4.
eyy ay y €z &r 82 ) ( 5)
_ Ou, _ Ou, n %

€2z y  Cyz )
0z Y oy 0z
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where u,, u,, and u, represent the displacement in the solid. Similarly, we

define the components of the strain in the fluid as:

LU _ou, o,
o Y oy oz’
ou, ou, oU,
W gy T o o (4.6)
ouU, ou, U,
SZZ fr— ey —|—

8z v oy | 0z’

with U, Uy, and U, representing displacement of the fluid. However, the only

significant component for the strain in the fluid is
€ =Egg + Eyy + €2z (4.7)

To show the stress-strain relationship of the fluid-solid aggregate we first as-
sume there are no dissipative forces and that we are dealing with the conser-
vative physical system which is in equilibrium at rest (Biot, 1956a). Thus,
we can define an elastic potential energy (V) using the seven stress compo-
nents Oz, Oyy, 0z, Ogy, Ozz, Oyz, s Which are linear function of the seven strain
components €, €yy, €2z, €xy, €22, €y, €. Therefore, the elastic potential energy

is defined as:
2V = OzzCrz + OyyCyy + 022€20 + O2z€rz + OpzCan + Ogz€ar + SE. (48)

The stress-strain relation is then expressed as:

oV oV
Ogx = 8€xx’ Oy = 869%,’
| R
yy — aeyy7 xrz — aexz7 (4 9)
Ozz = av; Oyz = av)
e, dey.,
s = a_v
© 0e’

We can write the stress-strain relation using a seven-by-seven symmetric matrix

with twenty-one independent elastic coefficients (7};), second order symmetric
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tensor (), and invariant R

Qx:c ny sz Qxy sz Qyz

Qaa
Qyy
Q2
Quy
Qa2
Qy-
R

(4.10)

In the case of a statistical isotropy, the potential energy function becomes (Biot,

1955):

2V = (

2 2 2
+ N(eg, + €5, + €, — depey, — degpe.. — deyye..)

+2

A+ 2N)(egy + €4y + €22)*+

Q(exs + €4y + €.2)e + RE.

(4.11)

In an isotropic system, the principal stress and principal strain directions

coincide, ();; = (), and we are left with only four distinct elastic constants, A,
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N, @, and R (Biot, 1956a):

Opz = 2N ey, + Ae + Qe
oy = 2Ney, + Ae + Qe
0., =2Ne,, + Ae + Q¢
Oy = Negy
oy: = Ney,

s = Qe+ Re,

with
€ =€yt Eyy + €.

We can immediately see the meaning of some of the coefficients in equation (4.12).
Without a fluid phase in the system we would have a simple elastic medium,
and the coefficients A and N would correspond to Lamé coefficients in the the-
ory of elasticity. The coefficient N corresponds to the shear modulus of the
material. The coefficient R is a measure of the pressure required on the fluid to
force a certain volume of fluid into the aggregate while the total volume remains
the same (Biot, 1956a). The coefficient Q) represents the coupling between the
volume change of the solid and that of the fluid. If we put the fluid pressure

equal to zero, we obtain:
Qe
7

Since the pressure on the solid tends to decrease the porosity in the solid, e and

(4.13)

€ must be of opposite sign and therefore () must be positive. The methods for
measurement of the coefficients have been studied by Biot and Willis (1957)

and will be discussed on its own in Section 4.2.4.

4.2.2 'Wave propagation in porous media

To describe how an elastic wave propagates inside a porous medium we need

to look at the relation between stresses and inertial forces. In his theory, Biot
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(1956a) introduces the Lagrangian viewpoint and the concept of generalised
coordinates. Again, we consider a unit cube of the aggregate, which is small
relative to the wavelength of the elastic waves and the size of the pores are small
compared to the size of the element. The kinetic function, T', and the dissipa-
tion function, D, are described using the six average displacement components
(tg, Uy, usy, Uy, Uy, Uy,) of the solid and fluid respectively. Biot (1956a) derived
his equations for the wave propagation in porous media using the Lagrangian

pe_ 0 (0T 0D
- Ot \ ou ou

o (0T oD
Ff = - S + )
ot (aU) ouU

where F** and F' represent the total force acting on the solid and fluid phases

formulation

(4.14)

respectively, T' stands for the kinetic energy of the saturated isotropic porous
medium per unit volume, and D represents the dissipation function. The kinetic

energy of a unit volume of the bulk material is therefore given by (Biot, 1956a):

Oou, 2 Ou, 2 ou, 2
- (52) + () + ()

ou,, OU, ou,, OU, ou, OU.
2 T y_y it 4.1
+p12(at ot ot ot ' ot 875) (4.15)
+ % 2_|_ % 2_|_ oU. i
P21\ Ty ot at ) |-
The dissipation function D is
op = | (L O 2+ Ouy _ OUy 2+ Ou: _ O\’ (4.16)
N ot ot ot ot ot ot ’ '

where b is the dissipation factor related to Darcy’s coefficient of permeability

k, porosity ¢, and fluid viscosity v as
b= —. (4.17)

We can see that the dissipation term in Lagrange’s formulation depends on
the relative motion between the solid and fluid, which means when there is

no motion, the dissipation function D vanishes. The coefficients p11, p12, and
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P22 act as mass coefficients taking into account that the relative fluid flow
through the pores is not uniform (Biot, 1956a). To explain these coefficients,
let’s consider a one-directional motion in the z-direction. From the Lagrange’s

equation we derive

o (dT\ 0D & 0 s
< ) + =98 (p11ue + p12Us) + bg (e = Uz) = F}

ot \ ou, O, (4.18)
4.18

o [ oT oD o2 0 £

a(ﬁ) o, o \Piatta T pls) = by (e = U = F

We can derive the equations for the y- and z-directions in the same way. Now,

let’s assume there is no relative motion between solid and fluid, i.e.
Uy = U,. (4.19)
Consequently, the kinetic energy of the system is described as
2T = (p11 + 2p12 + poz)u. (4.20)
We can therefore denote the total density p of the fluid-solid aggregate as

p = (p11 + 2p12 + p22). (4.21)

As we are dealing with a porous medium, we can write this quantity in terms
of porosity ¢ and the densities for the solid ps and fluid p¢. Thus, the density
of the aggregate is

pr=(1—=0)ps, (4.22)

and the density of the fluid
p2 = Gpr. (4.23)

Therefore, we can express total density p as

p=p1+p2=ps+ d(pr — ps). (4.24)
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Further, the pressure difference in the fluid per unit length is

o
or  or
or (4.25)
op 0%y
_%gb - ¢pf atg

where we can see that the left hand side is the force F/ acting on the fluid per

unit volume. Taking into account equation (4.23) we get

0%uy,

ot

Ff=p, (4.26)

Still assuming there is no relative motion between fluid and solid equation (4.19),

we derive form the second equation in equation (4.18)

(P12 + pa2)u. = F. (4.27)

Comparing equation (4.27) and equation (4.26) we get

p2 = p12 + p22. (4.28)

Taking into account equation (4.21) and equation (4.24) we also get

p1 = p11 + pia. (4.29)

Therefore, the coefficients p11, p22, and pi2 can be interpreted as the total ef-
fective density of the moving solid, the total density of the fluid moving within
the solid skeleton, and a coupling coefficient between fluid and solid, respec-
tively. If we assume that the fluid is restrained from flowing, i.e. U, = 0. Then
according to the second equation in equation (4.18) we get
2
F = Plz%, (4.30)
which means that when the solid is accelerated, a force F! has to act on the
fluid in the opposite direction to prevent any fluid displacement. Therefore, we
always must have
p12 < 0. (4.31)
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Going back to equation (4.18), we can write the force components F? and

F! using stress gradients

s 004 004y 00y
Fe=V-o.= ox + dy * 0z
0s

(4.32)
Fl =V,s
Combining equation (4.12), equation (4.18), and equation (4.32) we can write

out the equation for wave propagation in the x-direction as

0 0 0? 0
NV2u, + (A+ N2 1 Q% = 2 (priug + proU,) + b2 (uy — Uy)
Oe de 07 0 '

The vector form for the wave propagation in a fluid saturated isotropic porous

medium is therefore

2

92 (P115+012ﬁ> —i—b% (ﬁ— [7)
2

V (Qe+ Re) = % (0125+022ﬁ> —b% <ﬁ—[7>

NV*i+V [(A+ N)e+ Qe| = 434)

As noted by Biot (1956a), an acceleration of the solid matrix without any
motion of fluid causes a pressure gradient in the fluid due to the coupling
coefficient pi5. It is also important to note that Biot assumed that the fluid
flow is of the Poiseuille type and that this assumption restricts the solution
domain to low frequency range. As in this work I am describing waves in very-
low frequency range I can continue with this assumption and that the signals
we examine will always have frequency lower than the “critical” frequency (f.)

defined as

. vm
n 4pfd2,

where d is the diameter of the pores.

Je (4.35)

4.2.3 Numerical modelling

[ implemented numerical models using the Finite Element Method (FEM) soft-
ware COMSOL Multiphysics (COMSOL Multiphysics v5.5). As the software

itself does not have a module for calculating wave propagation in the poroelastic
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medium, I used the ‘general form partial differential equation (PDE)’ module
where the PDEs are defined as second order wave equations. The general form
PDE interface in COMSOL requests the equations to be written in the form of
Pu g0 gy (4.36)
€a s a A, : =/ .
ot? ot
where u is a vector with our solid and fluid displacements, e, is mass coefficient,
d, is damping coefficient and V - I' is the conservative flux (Appendix B). As I
want to end up with the four particle displacement components (u,, u,, U, U,)
for the two-phase isotropic media in x-y plane, we can re-write the stress-strain

relationship from equation (4.12) as

ou,,
O (2N + A) A 0 ox Q
ou
oy | = A (2N+A) 0 a—yy +e|Q (4.37)
Ory 0 0 N| |0  Ou 0
I Ay ox |
for the solid phase and
Ou, — Ouy
= — 4.
s Q(8y+8x)+R€ (4.38)

for the fluid phase. Further, assuming constant values for densities p11, p22, P12,

equation (4.34) can be re-written as

0% PU 0 /. -
pnw—i-plzw—i-b—(u—[]):V-O’

0% PU 9 . (439)
plz% +'022W — ba <ﬁ— U) = Vs
Re-arranging this equation we get
92—
U ~Di» Du | | vstp2 (ﬁ— 0 | |
ot? ot
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where D;; are normalised density coefficients described as

Dy, = Lz
P11pP22 — P2

Dyp=—"2 (4.41)
P11P22 — Plo

Dy = P22

P11pP22 — P%z

In the x-y plane, the divergence of the stress tensor equals V - o, = 0,0, +
O0y0gy, V -0y = 0,04 + 0y0y,, therefore the expression for the four particle

displacement components can be expressed as

0%u, ou, 0OU, 00py  Ooyy 0s

o "o WDnt D) <W—w) - < or T ay ) Pragy =0

0?uy, Ou,  OU. do do Ds
b(D D TPz PPz p zy vy D25

2 + b (D2 + D12) ( ot ot ) 22( o7 + ay ) + 125 0

02U du, U 004 Do os

gz~ 0Dt 12)<6t 6t)+ 12(8 +8y) 15y =0

92U, ou, U, o, 0o D

—b(D D v _ 7y D Y Wl D2 —

g~ UPnt 12)((‘% 8t)+ 12(8x+8y) 0
(4.42)

It is worth noting that we can put an external force component on the right
hand side of equation (4.42). It is common practice to use an excitation function
with spatial and time dependence. In my models I use Dirichlet boundary

condition as a prescribed time-dependent displacement at the source.

4.2.4 Biot’s coeflicients

The coefficients N, A, @, and R in equation (4.37) and equation (4.37) are still
not defined. Previously I have mentioned that coefficient N equals the shear
modulus of the bulk material. To define the other coefficients Biot and Willis
(1957) use the combination of measurements of shear modulus, jacketed and
unjacketed compressibility of the porous solid, and an unjacketed coefficient of
fluid content. The jacketed compressibility (k) test requires a specimen of the
material to be enclosed in a thin impermeable jacket and then subjected to an
external fluid pressure, while the pore fluid is allowed to escape freely through
a tube (Biot and Willis, 1957). Usually it is done on a dry specimen, however
Biot and Willis (1957) note that the dry specimen may not exhibit the same
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properties as the saturated one. The jacketed compressibility is the inverse of

the bulk modulus (K):

1 1
k= — = 5 (4.43)

A+ =
+3/L

For the unjacketed compressibility (J) test the specimen is submerged into a

fluid to which an external pressure is applied. It is an inverse of the unjacketed
bulk modulus, i.e. the bulk modulus of the solid material composing the porous
solid (K)

=& (4.44)

These two values describe Biot’s coefficient (o)

) K
azl—gzl—z. (4.45)

Biot and Willis (1957) show that « cannot be smaller than porosity and
larger than unity. When looking at unconsolidated soils, the value for « is often
approximated to be 1, as the unjacketed compressibility in this case would be
much smaller than the jacketed compressibility and therefore é ~ 0.

While the values for the bulk modulus K can be found l{in literature or
calculated using Young’s modulus (F) and Poisson’s ratio (v), the values for
the bulk modulus of the composite (K) have to be obtained using different
methods. I use the method by Selvadurai et al. (2019) where he proposes using
a multi-phase theory developed for estimating effective properties of composite
elastic materials to estimate the compressibility of the solid material phase.
For low-permeability Cobourg Limestone, Selvadurai (2019) shows that we can
use the estimates of Voight (1928) and Reuss (1929) to calculate the bulk (K)
and shear (G5) moduli of the multi-phasic solid material. The Voigt estimate

is calculated by using

! (4.46)
Gl =) Vi(Gy)
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and the Reuss estimate by using

- q-1
n

R Vi
e (447)
- N 4.47

- -1
n

Vi
=@

The 7 in the estimates stands for the mineralogical composition of the material,
and V; for the volumetric fraction of that composition. To narrow down the
wide range of these estimates we can use Voigt-Reuss-Hill (Hill, 1952) estimate
which takes the average of Voigt and Reuss estimates. For the White Island
andesite, the mineral composition is taken from Heap et al. (2015) and shown
in Table 4.1.

Table 4.1. Mineralogical fractions for Whakaari andesite (from Heap et al. (2015))

| MINERAL | Vi | K, (GPa) | Reference
plagioclase 37T % 75 Brown et al. (2016)
K-feldspar 14 % 52 Brown et al. (2016)
pyroxene 10 % 0.7 Chai et al. (1997)
cristobalite 17 % 16.3 Pabst and Gregorové (2013)
amorpheus phases,
volcanic glass, 25 % ~ 40 Pabst and Gregorova (2013)
opal-A
gypsum 4% 44 Watt (1979)
jarosite 3 % 56 Xu et al. (2010)
haematite 1% 205 Zhang et al. (2020)
| Voigt-Reuss-Hill estimate | 100 % | 27 \

Further, Biot (1962) introduces a coefficient M

1
M=—" (4.48)

§
Y+ ——
R

where the coefficient of the fluid content, v, gives the relationship between
porosity (¢), fluid compressibility (c¢), and the unjacketed compressibility (J)

v = ¢(c—9). (4.49)
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Therefore the coefficients N, A, @, and R can be expressed as (Biot, 1962):

N=u
A=)+ M(a—¢)*
(4.50)
Q=o(a—¢)M
R = ¢*M.

This formulation will make it easier to compare the elastic and poroelastic
case, as well as model coupled elastic-poroelastic examples, as by setting the

coefficients M and ¢ to zero, we get pure elastic wave propagation.

4.2.5 Poroelastic vs. elastic wave propagation

Next we explore the difference in waveforms of poroelastic and elastic wave. The
way the equations in (4.50) are set up, the comparison between the two cases
is made fairly simple as minimising porosity and the coefficient M we obtain
elastic wave propagation. I determine the Lamé parameter A\, shear modulus
N, and Young’s modulus E using v, and v, velocities. As the wavelengths
of my signals are very large, I can approximate the model space as homoge-
neous. Jolly et al. (2012) estimated seismic velocities in the shallower region
of Whakaari volcano by use of high-impact sand-bag drops from a helicopter
as v, = 2.2 km/s. It is in the range of v, velocities obtained by Heap et al.
(2015) using uniaxial and triaxial compression experiments (v, between 1.2 and
5 km/s). I prefer the Jolly et al. (2012) estimates as their approach brings less
uncertainty into my model than approximating a large volume by using an in-
dividual value for the Young’s modulus. Heap et al. (2015) evaluate the range
for porosities to be between 5% and up to 50% for the ash tuff deposits. It is
worth noting that they also observe slower velocities in rock samples with high
porosity. In this hydrothermal system it is also very important to distinguish
which fluid fills the porous space in the rock. As I assume a binary HyO — CO4
system in this environment, I use values for density, fluid compressibility, and
fluid viscosity for the two end members of this binary system, COy and H,O
(Table 4.2). The compressibility of CO, is much larger than that of water and

rock. Water compressibility is of the order of 4.5 x 1070 Pa~! (Vilarrasa et al.,
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2010), compressibility of the rock matrix in the range 2x 1079 =4 x 107! Pa™*,
and CO, compressibility is one to two orders of magnitude greater, from 10~°-
— 107% Pa~! (Vilarrasa et al., 2010; Span and Wagner, 1996). The density
values for the two end members, pco, = 380 kg/m?® (Span and Wagner, 1996)
and pp,0 = 947 kg/m? (Wagner and Kretzschmar, 2008), are taken for the
temperature of 400 K and pressure of 20 MPa, conditions appropriate for the
source depth at Whakaari. From relations shown in equation (4.41) we see that
the normalised density coefficients D;; used in equation (4.42) relate to density

coefficients pi1, p22, and p12. The coefficient p;2 can be directly calculated using

pr2 = —¢p(T — 1), (4.51)

where 7 represents the tortuosity. The tortuosity is a geometrical term de-
fined by the ratio of the average length of the geometric flow path through
the medium and the shortest (straight line) path through the medium. There-
fore, the values for 7 are commonly between 1 (direct path) and 3 (Dullien,
2012). Combining equation (4.22) and equation (4.23) with equation (4.29)
and equation (4.28) respectively,

(1 —9)ps = p11 + pr2
(4.52)

opr = pa2 + P12,

we can see that by defining the coupling coefficient, p;2, between the fluid and

solid phases, we can easily calculate coefficients py; and pas.

Table 4.2. Values for the compressibility, density, and viscosity of COy and H»O.
The values are obtained for temperature of 400 K and pressure of 20 MPa.

’ Variable ‘ COq ‘ H,O ‘
compressibility (¢) Pa™' [ 5.6 x 1079 | 5.1 x 10710
density (pr) kg/m? 480 947
viscosity (v4) Pa-s 317 x 107° | 22.37 x 107°
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Table 4.3. Values for elastic/poroelastic coefficients relating to the solid frame used
in equation (4.50). The Young’s modulus, derived from estimates of seismic velocities
is 8.5 GPa and Poisson’s ratio is 0.25

’ Description \ Coefficient \ Value ‘
Porosity [0) 0.3
Jacketed compressibility ) 3.7037 x107'! 1/Pa
Unjackated compressibility K 1.76 x1071° 1/Pa

Lame parameter A 3.4 x10° Pa

Shear modulus N 3.4 x10? Pa

Biot’s coefficient A A 3.42 x10° Pa

Biot’s coefficient P (P = A + 2N) P 1.02 x10' Pa
Biot’s coefficient Q Q 4.74 x10° Pa

Biot’s coefficient R R 5.99 x10° Pa

The model has a rectangular spatial domain of 20 x 20 km?, with displace-
ment constraints on the sides of the domain and the free surface condition on
the top of the domain. Free surface condition in the poroelastic medium is
described as:

n-o=>0

(4.53)
p=0,
where n is the unit vector normal to the free surface and p is the fluid pressure.
The topography is not included. I keep the model fairly simple to isolate the
characteristics of the porous medium.

To validate how I set-up my equations in the COMSOL PDE interface, I
first compare a simple elastic model with a model created using the COMSOL
Structural Mechanics module. The source is a spherical void with a radius of
50 m, located at 1.5 km depth mimicking the source depth from Caudron et al.
(2018); Jolly et al. (2017). By using a time-dependent prescribed displacement
at the source I simulate a pressurisation of the source. As a source-time function
I use a Gaussian function with a dominant frequency of 0.5 Hz. All of the
following synthetic seismograms are obtained from a receiver at the surface,
directly above the source (Figure 4.2).

Figure 4.3 shows the set-up validation for the elastic case. It shows a very
good match, therefore my choice how to set up the boundary conditions, the
Flux/Source option for a Neumann boundary condition for the free surface,

and the choice of Dirichlet boundary conditions for the left, right, and bottom
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Free surface

/ Station

20 km

Dirichlet boundary condition

s
v

20 km

Figure 4.2. Mesh for the numerical domain of the models. The top boundary is a
free surface and the Dirichlet boundary condition on the sides and bottom constrained
the displacement in a direction normal o the boundary. The station is located at the
free surface and is directly above the source

boundary of the model, which constrains the displacement in a direction nor-
mal to the boundary. The lack of absorbing or perfectly matched layers is a
drawback of my models, however as the goal of my models is not in creating
the best numerical scheme to study poroelastic waves, rather to see the effects
of certain coefficients, the model set up is sufficient for the purpose.

The initial poroelastic modelling was done using values shown in Tables 4.2
and 4.3. The solid particle displacements of the poroelastic waves (equa-
tion (4.42)) where the medium is saturated either with HoO or with CO, are
compared with the purely elastic case (Figure 4.4). What we can observe is
that the poroelastic waves travel faster than the purely elastic one and they

have smaller amplitudes. The faster arrival can be explained as the saturated
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Figure 4.3. Displacement seismograms comparing the PDE interface (blue line)
and Structural mechanics module (dashed red line). We can see that our models are
set up properly.

porous rock is stiffer than non-saturated rock (e.g. Rice, 1975; Makhnenko and
Labuz, 2016).

000150 L L L L L L L L L
0.00125 Elastic

0.00100 A
0.00075 A

0.00050
0.00025 A

Displacement [m]

0.00000
-0.00025

—-0.00050 T T T T
0 2 4 6 8 10 12 14 16 18 20

Time [s]

Figure 4.4. The solid particle vertical component displacement seismograms com-
paring the poroelastic and elastic waves. The fastest arrival is for the case where the
pores are saturated with water (dashed red) then with COz (blue), and the slowest
arrival is for the elastic case (gray).

4.2.6 Influence of porosity and permeability

As mentioned before there is a large span of possible values for the permeability
from ~ 107 to 107! m? and porosity can vary from 1 % to 70 % (Heap
et al., 2017). Equation 4.17 showed that the coefficient b, which influences the
dissipation term, is the ratio of the product of fluid viscosity with porosity and

the permeability of the porous rock. Therefore, it is of interest to examine
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how it affects our waveforms. The models are run with different values for
the permeability: 1072, 107!, 1074, and 107! m2. The lowest value for the
permeability, 2 orders of magnitude higher than the ones estimated by Heap
et al. (2017), is chosen as a comparison to studies by Zhang et al. (2014) and
Moradi et al. (2015) where they examined for which value of b the slow P-wave
dissipates. The porosities used in these models are 10 %, 20 %, 30 %, and 40 %.

Figure 4.5 shows the results for models with different permeabilities and a
constant porosity of 0.2 compared with the elastic case. We see that for the
CO; case the change in permeability has a bigger effect than for the HyO case.

However, the slow-P wave is not seen even for the highest values of permeability.

0.0015 . . .

a Elastic
) o — k=10"m?

| 2 — k=10"mz|
g 00010 K- 1014 m2
= k = 10719 m?
[0}
£ 0.0005 | =
Q /
(_“ |
Q.
L
[m]

000004 //\\/ A\//Q W”\‘“QQQV
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g 00010 K 1o me
= k=1070m?
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©
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Time [s]

Figure 4.5. Solid particle displacement (vertical component) seismograms showing
the effect of the permeability (k) on the poroelastic waves when the rock is saturated
with (a) COg or (b) HoO. The porosity is constant and is set to 0.2. The oscillations
after t=10s are due to reflections.

Further, to fully asses the effect of both porosity and permeability I ran mod-

els across the full range of possible porosity and permeability values (Figure 4.6).
We notice that for the lowest values of permeability (k = 1074, 10712 m?) the
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waveforms do not differ regardless of what the medium is saturated with, and
porosity does not have any effect. They do however, differ from the elastic
waveform where the amplitudes of the poroelastic waves become smaller with
larger porosity values. For the largest value of permeability (k = 107'* m?) all
three waveforms differ from each other and the amplitudes for the CO, case
equal the ones of the elastic waves (Figure 4.6).

Although we see the effect of porosity and permeability on our waveforms,
the previously reported influence of coefficient b on the slow P-wave is not seen
as we do not observe one. However, this can be explained by the dominant

frequency of my input signal.

4.2.7 Frequency dependent input signal

A main aspect that separates my research from previous studies on the poroe-
lastic wave propagation is the frequency content of my signal. I have mentioned
already the assumption that the source frequency should be smaller than the
critical frequency for the low-frequency Biot’s case (equation (4.35)). While
past studies of this problem usually focused on reservoir geophysics, where the
input frequencies of the signal are often in the order of kHz, the volcano signals
are less than 1 Hz. Therefore, it is of interest to look at the frequency depen-
dence of the input signal and the observed slow Biot P-wave. To do this, I use
the analytical solutions to the poroelastic wave equations (Dai et al., 1995).
The source is a point explosion with time component described by a Gaussian
function with 10 Hz, 5 Hz, 1 Hz, 0.5 Hz, 0.1 Hz, and 0.05 Hz dominant fre-
quency, respectively. The station is positioned 1.5 km away from the source,
resembling the source-receiver distance from the rest of the models. The char-
acteristics of the medium (Biot coefficients) are the same as in the previous
models in Section 4.2.5. Figure 4.7 shows the resulting traces of the solid parti-
cle velocities. For frequencies fy = 10 Hz and fy = 5 Hz we can clearly see the
slow P-wave. The amplitudes of the slow P-wave for ‘low’ frequencies (1 - 10
Hz) are higher than for the fast P-wave (Karpfinger et al., 2009). We can see
that when the source-receiver distance becomes closer to, and then smaller than
one wavelength of the signal, the near field term becomes dominant, converging

to elastic wave propagation.
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Figure 4.6. Solid particle displacement seismograms showing the influence of poros-
ity and permeability on waveforms when the material is saturated with COg (or-
ange) and HyO (blue). The values for the permeability are 10~!* m? (left column),
1074 m? (centre column), and 107!? m? (right column). The seismograms are shown
for porosities of 10, 20, 30, and 40 %.
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Figure 4.7. Influence of the dominant frequency on the poroelastic solid particle
velocity waveform. I vary the source frequency between 10 Hz and 0.05 Hz. The slow
P-wave is observable when the source-receiver distance is greater than one wavelength
of the signal. For distances smaller than the signal wavelength, the near field domi-
nates and we can observe only one P-wave arrival.

4.2.8 Two-layer model

Although we have now discarded the possibility that the slow P-wave can be
an explanation for the observed VLP waveforms on Whakaari, we still need to
investigate a more complex scenario of a two-layered model, with the poroelastic
layer above the elastic one. The source depth is again at 1.5 km depth and the
poroelastic layer is 1 km thick. The computational domain is again 20 x 20 km
with the same external boundary conditions as in the previous models. A
continuity condition is set on the boundary between elastic and poroelastic
domains. The fluid in the poroelastic domain is again either CO, or H,O
with the same properties as in earlier examples. The results are compared
with the case where both domains are either completely poroelastic or elastic.
Figure 4.8 shows the results for the two scenarios. When the poroelastic domain

is saturated with COs, there is no significant waveform change when compared

82



Chapter 4. VLP source mechanism in hydrothermal systems

with the completely poroelastic case (Figure 4.8a). However, when the fluid

used is HyO, the waveform resembles the elastic one, apart from the amplitude
which matches the purely poroelastic case.
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Figure 4.8. Two layered case - Poroelastic layer is on top of the elastic layer.
The poroelastic layer is saturated with (a) COg or (b) with water. The results are

compared with purely poroelastic medium (grey line) and purely elastic case (black
dashed line).

While in previous results the poroelastic wave was faster when the porous
medium is saturated with water compared to CO,, for the two layered case we
have the opposite situation. It is also interesting that even though the wave-
length of our signal is several kilometres and the width of the poroelastic layer

is only 1 km, it considerably affects the waveforms, as well as the amplitudes.
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4.3 Source oscillation

The second hypothesis is that the observed oscillatory behaviour of the displace-
ments is an effect of the fluid-solid interaction. In this case, the source of the
VLP signal is situated in a fluid domain which is surrounded by an elastic solid.
I analyse the influence of the different fluid properties (COy vs HO) as well
as the influence of the fluid domain geometry. This modelling was again done
using FEM software COMSOL Multiphysics, however this time I could use the
built-in multiphysics named Acoustic-Solid interaction, Time explicit interface,
which combines Pressure Acoustics, Time Ezplicit and FElastic Waves, Time
Explicit together with the Acoustic-Structure Boundary, Time FExplicit multi-
physics coupling. This way we can solve a multiphysics phenomenon where
the acoustic pressure causes a fluid load on the solid domain, and the struc-
tural acceleration acts on the fluid domain as a normal acceleration across the

fluid-solid boundary.

4.3.1 Source excitation

Stix and de Moor (2018) define two end member types of phreatic eruptions:
type 1, where a deep sealed hydrothermal system is fed by magmatic gasses
and produces enough overpressure to force an explosive eruption, and type
2, where magmatic gasses are supplied through an open vent to the shallow
hydrothermal system, vapourising the liquid which drives the phreatic eruption
(Figure 4.9). Jolly et al. (2018) consider that the VLP seismicity is caused
by the failure of the magmatic carapace. However, we can also speculate that
the failure of the carapace is not the trigger for the VLP seismicity, rather, it
releases the gasses into the hydrothermal system, which can then lead to the
rapid and sudden vapourisation of water. Due to the explosive properties of
water, a phase change between liquid water and vapour in the shallow region
of volcanic system may produce a violent explosion. If there is a rapid pressure
or temperature change it can bring the system beyond the liquid spinodal into
the unstable field, resulting in a spinodal decomposition, a rapid and explosive
phase separation (Thiery and Mercury, 2009a). For a pure water system, the
source conditions at Whakaari do not allow for this violent phase transition
(Figure 4.10a), however, if there is even a small mole fraction of dissolved

gasses such as CO,, the explosive potential of the system increases significantly
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Type 1 phreatic eruptiqr_)s

when overpressure in the hydrothermal
system exceeds the tensile strength of
the rocks sealing its top, the seal fails

and materials move upward to erupt open conduits

top of hydrothermal system variably —___ leads to overpressure

sealed with silica, clay and zeolite minerals

base of hydrothermal system partially,
sealed with high-temperature silica
and feldspar minerals

injection of magmatic gas
into the bottom of the
hydrothermal system

magmatic gases at
600°C - 1000°C

when magma pressure is sufficient /

(from decompression, crystallization, etc.),
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Phreato-Vulcanian eruptions
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¥~ silica, clays, and sulfur minerals

sealing of the semi-permeable conduit

Type 2 phreatic eruptions

Phreato-Surtseyan eruptions occur during
increasing magmatic degassing

with native sulfur and silica
can lead to larger eruptions

high temperature

vapor zone

injections of magma
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charges system

infiltrated water is rapidly vaporized
if vapor-liquid boundary ascends

crystallizing apex of
magmatic system

Stix & de Moor (2018)

Figure 4.9. Type 1- when the magma pressure in a partially sealed magmatic
carapace is sufficient, the carapace breaks and releases hot magmatic gasses injecting
the bottom of the hydrothermal system. Type 2 - Increasing magmatic gas input
into the lake raises the vapour—liquid boundary, resulting in vaporization of confined
liquid water, generating volume change, pressurization, and eruption. Adapted from

Stix and de Moor (2018).

(Thiery and Mercury, 2009b) meaning a smaller pressure drop can lead to a

violent explosive phase changes (Chouet and Matoza, 2013b). Therefore, in this

section I test whether the oscillatory behaviour of our observed VLP waveforms

could be caused by the oscillations of the fluid source region post this violent

phase transition (Figure 4.10Db).

4.3.2 Numerical model

The computational domain is 10 x 20 km?* with PML (Perfectly Matched Layer)

boundary conditions on the sides and the bottom of the domain and free surface

condition at the top. The fluid domain is a circle with a radius of 150 m and
is centred at the depth of 1.5 km (Figure 4.11).

The governing equations for the fluid domain are formulated as a first or-

der system, in terms of the linearised continuity equation and the linearised
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Figure 4.10. Stable, metastable and unstable regions of water in P-T space. a)
pure HyO system b) binary HoO-COy system. Blue lines represent saturation curve
while the red lines are spinodals. Orange dashed lines in b) represent liquid spin-
odals(Sp(L)) for the HoO-CO3 binary system and numbers on the lines refer to the

mole fraction zco, of dissolved CO; in the aqueous solution Adapted from Chouet
and Matoza (2013b).

momentum equation as:

1 0

prct Ot (4.54)
ov

Pa—tf + V- (pd) = qa,

where p; is the total acoustic pressure, vy is the total acoustic velocity field, p¢
is the fluid density, and c is the speed of sound in the fluid. COMSOL defines
the right hand sides (@, and ¢q) of equation (4.54) in terms of a mass rate of
change and volumetric force respectfully.

For the solid (linear elastic) domain, the governing equations are given in a

velocity-strain formulation as:

0vq
pat —-V-S=F,
OEFE 1 T
_Z - 4.55
% 3 Vv, + (Vy) 0 ( )
S=C:FE,
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Figure 4.11. Model geometry for the fluid-solid interaction models. The computa-
tional domain is surrounded with PMLs on the sides and the bottom and has a free
surface boundary condition at the top. The computational domain is divided into
two parts, fluid domain (blue) of radius 150 m centred at depth 1.5 km and solid
domain (light grey) surrounding it.

where vy is the velocity field in the solid, ps is the density of the solid material,
S is the stress tensor, FE is the strain tensor, C' is the elasticity tensor, and F,
is the optional body force (in my case = 0).

The boundary condition between the two media is defined as:

n-(vs—v) =0
(4.56)

The medium properties are given in Table 4.4.

Table 4.4. Values for the density, and P-wave velocity in fluid and solid domain.
The values are obtained for temperature of 400 K and pressure of 20 MPa.

k
Variable/Domain | p (—i) Up (E) Reference
m S
Solid 2500 3100
COq 481.55 347 Span and Wagner (1996)
H>,O 949.7 | 1567 | Wagner and Kretzschmar (2008)
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4.3.3 Sources

The source excitation (Figure 4.12) is modelled using a combination of a spatial
2D truncated Gaussian function centred at the point (z,yo) with a source
extent (S) of 100 1/m? defined as

9(@,y) = VaSexp {[~(v — 20 + (v~ 90)?] /S | (457)

and the time history described by a Ricker wavelet

ft) =1 =2nf3(t —t.)?) exp [~ fF(t — to)?] (4.58)

where fy is the dominant frequency with a time-shift .. As I want to model
a simple explosion, i.e. outward then inward displacement at the source, the
choice of the Ricker wavelet is adequate, because for the input I use the vol-
umetric force (gq in equation (4.54)), i.e. acceleration at the source, and the
Ricker wavelet is the twice differentiated Gaussian function. The dominant

frequency of my input signal is 0.5 Hz and has a time shift of 2 s.

o f(t)

g(x,y)

100 1

I f
0.9
400

0.8 \
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Figure 4.12. Spatial- and time-history of the source function

4.3.4 Discussion

The fluid domain in my models is representative of two end-members - purely
COg or purely HyO. The difference in the results for these two end-members
is obvious. Firstly, when the fluid domain is COy we observe a ‘non-damped’

oscillatory behaviour, while when the fluid domain is filled with H,O, there
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are no oscillations (Figure 4.13a). If we look at the velocity inside the fluid
domain, we can see that the oscillation itself is happening in the source region
(Figure 4.13b).
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Figure 4.13. The vertical component of the particle velocity for the COg (blue)
and HyO (red) case measured at the surface (a) and inside the fluid domain (b).

The explanation for this difference can be found either by looking at the
difference in impedance between the two cases or by looking at the ratio be-
tween the signal wavelength and the fluid geometry. The reflection coefficient

is defined as

RC = M7 (4.59)
PsVs + Prug
and depending on the fluid they are:
RCco, = 0.96
(4.60)
RCy,0 = 0.68.

Hence, the fluid properties have a significant effect on whether the oscillation

at the surface will be damped or not. The other explanation is in the ratio
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between signal wavelength () and radius of the fluid domain (R). Wavelength

of the signal in the fluid domain is equal to:

Ut

A

Using the same ratio between the wavelength of the signal for the different fluid

At (4.61)

cases and the radius of the fluid domain

A0 Aco,

R =5 (4.62)
and keeping the initial radius for the fluid domain (R) at 150 m, the radius
(Rpew) of the fluid domain when it is filled with just water has to be 677
m. Figure 4.14 shows the vertical component of the surface velocity when the
radius of the fluid (water) domain is larger. The system now oscillates and the
damping of the signal is larger than in the case of fluid domain containing just
CO. (Figure 4.13a) which can be attributed to the difference in the reflection

coeflicients.
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Figure 4.14. Influence of the radius of the fluid domain. Seismogram shows the
vertical component of the surface velocity in a fluid(water)-solid coupled system.

However, the results shown in Figure 4.13 do support my hypothesis. The
observed VLPs on Whakaari (Figure 1.3) show a waveform similar to a Ricker
wavelet. Focusing now on the case where the fluid domain contains HyO -
keeping in mind that the results in Figure 4.13 show velocity seismograms -
we can infer that for a Gaussian source displacement in the fluid domain, we
obtain a time-differentiated Gaussian displacement at the surface. As we are

in the near field, i.e. the source-receiver distance is less than one wavelength
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of the signal, we should expect the same displacement at the surface as it is
at the source. Therefore, this differentiation of the displacement waveform is

caused by the fluid-solid coupling.

4.4 Conclusion

By testing the two hypotheses in this chapter we gained an interesting insight
in how different characteristics of poroelastic media affect seismic waves in the
frequency band typical in volcano seismology. Firstly, all of the poroelastic
waveforms were faster and had smaller amplitudes than the elastic ones. This
can have a direct influence on the moment tensor inversions as we would un-
derestimate the volume change at the source if we were to compute synthetic
seismograms assuming purely elastic medium. The resulting waveforms show
no big difference between the two end members used for the fluid content which
makes any future modelling easier as we can assume fluid densities with large
uncertainty. In the second hypothesis we tried to get the source region to os-
cillate using a simple source excitation. This showed a clear contrast between
the fluid domain end members - CO5 and HyO. While for the CO, case, a pulse
like excitation causes a long lasting, undamped oscillation at the surface, in
the HyO case we observe the oscillating waveforms we could compare with the
observed ones. This would make the concept of the violent explosive phase
change in the fluid domain a plausible cause for source excitation; however,
the two hypothetical models used in this chapter do not provide unique and
exclusive explanations for the oscillatory behaviour and further investigations

might find additional plausible models.
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Discussion and Conclusion

The observation of unique Montserrat VLP signals posed several questions trig-
gering this research. Firstly, as the VLP signal was ‘hidden’ under a superim-
posed VT swarm, this event emphasises the importance to either look at the
spectra of such events or to integrate the velocity seismograms in order to iden-
tify VLP signals. Secondly, it is another example of the absolute necessity
to perform a proper restitution process. One has to consider spectral compo-
nents of lowest possible signal frequencies, as the interpretation of the ground
displacement, and therefore, the deformation at the source changes drastically
(Figure 1.7). After we resolve the correct displacement time-histories of the
VLP signal, we can start thinking about quantifying the source volume change
and estimating the location of the seismic source.

Although we can look at VLP seismic signals as bridging the field of geodesy
and seismology, the use of geodetic techniques in estimating the source charac-
teristics proved to be unsuccessful due to its assumptions of source mechanics
(Appendix A). Therefore the best way to estimate the source volume change
and find its location is full waveform inversion.

This poses a new question - how well can we resolve MT components if
we have a sparse seismic network configuration. To answer this question I
developed the MT resolution tests (Chapter 2), using a real seismic network
configuration from Montserrat. This work can be seen as an extension to Lanza
and Waite (2018), who tested the influence of synthetic station configurations
on the determination of several different types of source mechanisms while here
we additionally looked at our ability to correctly resolve MT components in

dependence on various source orientations.
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The moment tensor inversions show remarkable new results which have to
be taken into account when designing or upgrading seismic networks. Often the
criteria for correctly resolved source parameters is seismogram fit between the
observed and synthetic waveforms. In our tests we show that the seismogram
fit appears to be acceptable even though a low number of stations with poor
azimuthal coverage are used in the inversion (Section 2.4); however those results
should not be trusted as they provide a non-unique solution.

Additionally, I examined (Section 2.5) the influence of the source orientation
on our ability to correctly resolve MT components. The results show that the
source strike orientation considerably influences the MTT results as for certain
strike angles there was a leakage into diagonal components of the MT and for
some angles, the input M'T components were impossible to resolve. However,
the introduction of the isotropic component to the input moment tensor (Sec-
tion 2.6.3) improves our ability to correctly resolve source parameters as the
isotropic components dominate the radiation pattern.

The outcomes of the moment tensor resolution study can be seen in the mo-
ment tensor inversion results in Chapter 3 for the VLP event at Montserrat for
which two different MTI methods were employed: One where we invert for time
histories and amplitudes of moment tensor and single force components, and
the other where we assume the source time history of only moment tensor com-
ponents based on simplified restituted displacement. These different methods
do not agree with source location. This discrepancy demonstrates the influence
of the sparsity of the seismic network and that of using additional single forces.
Furthermore, the discrepancy reveals that the location and best source model
are inferred from the ‘waveform’ fit at the surface, which, as demonstrated, is
based on a non-unique solution.

Ideally, one should map the complete volumetric grid of possible source lo-
cations and source mechanisms, and couple it with the moment tensor inversion
resolution tests. Such an approach would give us higher certainty of our results
and would be an interesting future research topic.

The resolved downward single force component detected in Section 3.4.1
(Figure 3.10) can be explained to be due to removal of the “volcano lid” in
this out-gassing event (Ohminato et al., 2006b). The ratio between MT and

SF amplitudes suggests that the influence of single forces is negligible, however
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if we model a finite source, single forces become more dominant (Ohminato,
2019). I will address this issue in future studies.

The necessity of the resolution tests described in Chapter 2 is quite clear.
Several factors often impact the normal operations of seismic stations. Fig-
ure 5.1 shows the timeline when certain stations were operational between April
and October 2020 at Montserrat (Stinton et al., 2020). We see that around May
Ist, only 3 stations were operational (MSS1 is a GNSS station) which makes
the scenarios in Chapter 2 very realistic. Another problem which might arise is
the loss of power at relay stations through which the data from the stations are
transferred to the observatory. These tests can also be performed in order to
estimate which stations are more ‘useful’ for estimating correct moment tensor

inversion results.

a1-Apr-20 D1-May-20 31-May- 20 A0-hun-70 A0-bul-30 ¥9-fug-20
MESY
MEFL
MEFR
MEGH
MEBGH
MBHA
MHLG
MELY
MERY
MEWH

MS51

Figure 5.1. Timeline when certain stations were operational between April and
September 2020 at Montserrat. Green depicts the stations that were operational
(including those with outages lasting less than few hours), yellow depicts stations
that were online but with significant issued and red depicts stations that were offline.
Adopted from Stinton et al. (2020).

The main drawback of these tests is the computational power needed to
calculate correct Green’s functions for a grid of possible source locations as
volcano observatories, in general, do not have such computational capability
in-house. Therefore, we can look at this as another example why co-operation
between observatories and research institutes, whether domestic or abroad can
benefit both.
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After performing a proper restitution process ensuring we extract the pure
displacement signal, free from any effect of the instrument, the VLP signals
at Whakaari show an oscillatory waveform (Figure 4.1) in contrast to the case
of Montserrat where an oscillatory pattern would be due to the incomplete
removal of the instrument response. This displacement has been previously
modelled as inflation/deflation source mechanism (Jolly et al., 2018).

In Chapter 4, I tested a hypothesis that the observed waveforms could be
due to poroelastic wave propagation. The modelling showed that the introduc-
tion of fluids inside the porous media greatly affects the medium characteristics
and produces interesting effects such as differences in amplitudes and arrival
times between waves propagating through poroelastic and elastic media (Fig-
ure 4.6), however the frequency content of our modelled seismic waves (typical
for volcano seismology) impacts the existence of slow Biot P-wave (Figure 4.7).
Including fluids in porous media helps us with modelling the source excitation
as well. In case of Whakaari where we have a binary CO,-Hy0 system we can
easily get to fluid properties where water becomes very explosive (Thiery and
Mercury, 2009a). Although we speculate that the sudden vaporisation of wa-
ter (explained as a step function or a Gaussian) could produce the oscillatory
behaviour, the results suggest, that for a poroelastic medium, a re-inflation at
the source is needed to explain the observed VLP waveforms.

We modelled this ‘re-inflation’ at the source by resonance in the source
region when we model the system as an interaction between solid and fluid.
In such a system, the relationship between an impedance contrast, fluid and
solid properties, and the geometry of the fluid domain plays a significant role
(Section 4.3).

Although the two hypotheses did not provide a unique explanation for
the observed waveforms, the poroelastic modelling and fluid-solid interactions
should not be discarded from future considerations when studying seismic sig-
nals in hydrothermal areas. Considering neither of the two scenarios does add
any computational expense we can take into a consideration more realistic sce-
narios. Unfortunately, the module codes for poroelastic modelling are not in-
cluded in available, commonly used 3D wave propagation software. However,
with increased demand to focus on the impact of a wide variety of medium

properties these codes (e.g. Morency and Tromp, 2008; Carcione et al., 2010)
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will become widely available. This would make the future studies more fo-
cused on the impact of different medium properties rather than just developing
numerical schemes.

The work presented in this thesis sheds a light to previously understudied
problems in volcano seismology - proper treatment of VLP signals, the influ-
ence of seismic network configuration on our ability to correctly resolve moment
tensor components, and the influence of fluids in volcanic system have on the
observed waveforms in the frequency band typical in volcano seismology. As a
volcano-seismological community, we have to take special care when process-
ing data and especially when we use techniques and softwares developed for
tectonic seismology. As shown in this thesis, fluids in the system change the
medium properties and have an effect on the shape of the waveforms, the sta-
tion configuration on volcanoes should always be considered when interpreting
results obtained by moment tensor inversion, and that the estimation of the
location and best source model inferred solely from the ‘waveform’ fit at the

surface can be based on a non-unique solution.
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Appendix A

Appendix A - Using geodetic

technique for source inversion

VLP signals close the gap between short-period seismology and geodesy, we
use a method developed for geodetic observational data (e.g. GNSS/InSAR),
namely the Geodetic Bayesian Inversion Software (GBIS, Bagnardi and Hooper,
2018), to invert our seismic data. This way, employing several different mod-
els like a point source (Mogi, 1958) or a dipping dike with uniform opening
(Okada, 1985), the source volume change can be estimated and the posterior
probability distribution of the different source parameters can be obtained. As
our displacement data we use the maximum amplitudes of the restituted or
modelled step functions (Figure A.1). For our example, we assume a Mogi
point source and calculate a volume change of (1.33 & 0.15) x 10* m?® for a
source at depth 120 + 30 m (Figure A.2).
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Figure A.1. Horizontal displacements of the VLP signal (black) and horizontal
displacements assuming Mogi model (red).
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Figure A.2. Posterior probability distributions for the location and the source
volume change assuming a Mogi model. The x-direction (east) and y-direction (north)
of the source represent the offset in meters relative to the summit of the volcano
(positive in east and north directions). Red line indicates the optimal value.
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Appendix B

Appendix B - COMSOL set-up
for poroelastic wave propagation

modelling

The COMSOL general form PDE interface requires the equations to be written
in the form of: 82 s
u
+dy—+V-I'= B.1
Cag T dayy f (B.1)
where u is a vector with our solid and fluid displacements, e, is mass coefficient,
d, is damping coefficient and V -T" is the conservative flux. Equation 4.42 shows

the expression for the four particle displacement components (uy, u,, U, U):

0%u, ou, OU, 00,, 00, 0
+b(D22+D12)(u ) DQZ(O;E + Uy)+D12—S=0

ot? ot 3t ox

2
aa;y 4 b(Day + Dis) <8ux _ ) Dy (aaxy aayy) D12— —0
82U 8Uz 80—11 80'1
(35 (55
2
i >~ — b(Dy1 + Diy) (ﬁuy - > +D ( (9ayy) 11— = 0.
ot \_V_/ X ox

(B.2)

Figure B.1 shows how I set-up these equations in the COMSOL interface.
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modelling
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Figure B.1. COMSOL set-up for poroelastic wave propagation
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