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Abstract

Volcanic earthquakes are a key indicator of unrest and eruptive risk. Analysis
of seismic source signatures allows the inference of underlying processes and
properties in the edifice. However, volcano seismic signals are also affected
by scattering and intrinsic attenuation along the wave propagation path.
These path effects contain useful information that may be inverted to help
constrain the volcano structure, but without proper treatment can obscure
information present in the source.

Volcanic fluids include gases, water/hydrothermal brines and viscous
magmas and have a wide range of viscosities. Fluid viscosity is known to rep-
resent a key control on the style of volcanic eruptions, but the link between
viscosity and volcano seismicity is not well understood. Furthermore, fluids
also influence the attenuation of seismic waves, but more data is needed to
understand how different fluids control wave velocities and attenuation, and
the effect this has on propagating waveforms. This is important for reliably
interpreting volcano processes and inverting for edifice and fluid proper-
ties by analysis of volcano seismic signals and through volcano tomography
studies.

This thesis reports on the use of controlled laboratory experiments to
calibrate physical changes in volcanic rocks and the fluids within to field
seismic signatures, particularly focusing on the effect of fluid viscosity. The
effect of variable fluids on wave generation and propagation is studied by
three approaches: 1) An experimental comparison of the attributes of elastic
waves (acoustic emissions) generated by geomechanical rock fracturing and
the depressurisation of a range of fluids. 2) Experimental quantification of
wave speeds and attenuation with changing pore fluid stiffness and viscosity,
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in rocks from White Island volcano (Whakaari), New Zealand. 3) Spectral
Element Method, numerical simulations exploring how path effects influ-
ence the waveform and frequency characteristics of Volcano-Tectonic (VT)
earthquakes at laboratory and field scales.

By deforming rock samples until brittle failure and subsequently depres-
surising fluids of varying viscosity through the damage zone, we simulate pro-
cesses associated with Volcano-Tectonic and Long-Period (LP) (and tremor)
seismicity. Acoustic emissions (AEs) are recorded on a dense receiver array
to accurately characterise the source, and are found to resemble well known
families of volcano seismicity observed in the field, providing insight into
some of the mechanisms that generate different types of seismicity in vol-
canic settings. Key seismological indicators are found to be dependent on
the viscosity of the venting fluid. The number, initial rate and dominant
spectral frequency of depressurisation AEs are found to inversely correlate
with the fluid viscosity.

A dependence of AE spectral content on fluid viscosity motivates the
study of active-source wave propagation experiments. Ultrasonic P-wave at-
tenuation and wave speeds are measured for intact and fractured lavas and
ash tuffs from White Island, for variable fluid saturation, at in-situ pres-
sure conditions. P-wave velocity and attenuation quality factor are found
to correlate with pore fluid viscosity and bulk modulus and inversely corre-
late with sample porosity and fracturing. The sensitivity of wave speed and
attenuation to changes in pore fluid is controlled by the rock porosity. We
highlight the importance of seismic velocities in delineating volcanic struc-
ture and attenuation in monitoring time-lapse or spatial variations in fluid
properties, particularly as a result of magmatic degassing.

Attenuation quality factors and wave velocities determined during the
previous ultrasonic experiments on volcanic rocks are used as input param-
eters in numerical modelling of wave propagation at laboratory and field
scale. We find that wave propagation through low velocity, high attenuation
media, representing gas- or partially gas-charged ash tuffs, can cause distor-
tion of VT-type waveforms, with the depletion of high frequencies causing
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them to resemble LP signals at relatively short source-receiver distance. This
highlights the importance of accounting for path effects before using volcano
seismic signatures for the inversion of source processes and properties.
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Chapter 1

Introduction

Volcano seismic signals are an important tool used to monitor volcanic haz-
ards and are intimately related to the movement of magmatic and hydrother-
mal fluids in the subsurface. Understanding the link between fluids and seis-
micity is vital for accurate assessment of the dynamic physical properties
and processes, which control the nature, timing and location of eruption and
other volcanic hazards. In this thesis the relationship between fluids and seis-
mic signals is explored through a combination of controlled ultrasonic lab-
oratory experiments and numerical modelling of seismic wave propagation.

1.1 Volcano hazard monitoring

Throughout history, human populations have established themselves in re-
gions dominated by active volcanoes. Environmental and climatic factors
such as high soil fertility and higher rainfall associated with elevation, par-
ticularly in tropical areas, have made settling close to a volcano worth the
risk for many societies. This trend continues into the modern age. As of 1990,
20 % of the worlds population lived within 200 km of a Holocene volcano
(Small and Naumann, 2001). The highest population densities in volcanic
areas are generally seen in developing countries in regions of south-east Asia
and central America, which have strong agrarian populations. Volcanic Haz-
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22 Introduction

ards, particularly in these areas, can have devastating effects and result in
catastrophic loss of life and a huge economic impact.

In New Zealand, volcanoes are a ubiquitous feature of the landscape of
the North Island. Its largest city, Auckland, sits on a volcanic field of at least
53 cones, with the latest eruption being approximately 600 years ago (Need-
ham et al., 2011). Greater volcanic risks are associated with tourists visit-
ing the frequently active volcanoes of the Taupo Volcanic Zone (TVZ); no-
tably Tongariro, Ruapehu, Ngauruhoe and White Island (Whakaari). While
Mount Taranaki, located on the west coast, is the countries largest mainland
volcano by volume and tends to erupt every 90 years.

Volcano monitoring is important to mitigate the impact of volcanic
events. Its primary aims are to forecast the time and location of eruptions (or
other related hazards) and estimate their severity and impact. Meeting these
aims requires an understanding of physical and chemical processes within
the volcano, which tend to become unstable prior to eruption, resulting in
detectable precursors. Volcano processes can be better understood through
analysis of field data collected during past eruptions (Turner et al., 2008), in
combination with experimental (Fazio et al., 2017) and numerical (Jousset
et al., 2004) modelling, which allow isolation of specific processes within the
volcano in simplified and controlled environments.

A range of geophysical and chemical equipment and methodologies are
used to monitor active volcanoes (Sparks et al., 2012), including visual and
thermal observations, gas output monitoring, ground deformation monitor-
ing using satellites and tilt meters and (micro) gravity monitoring. One
of the most useful and widely applied techniques is the monitoring of vol-
cano seismicity with seismometer arrays (e.g.Walsh et al. (2019); Jolly et al.
(2018)).

1.2 Volcano seismicity

Volcanic seismicity, driven by magmatic and hydrothermal fluids is routinely
observed as a precursor to volcanic hazards such as eruption and dome
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collapse (McNutt, 1996; Hammer and Neuberg, 2009; Miller et al., 1998).
While other techniques generally monitor the movement and properties of
volcanic fluids at the surface, seismicity offers a window to asses these at
depth, and has proved an important tool for hazard forecasting (Chardot
et al., 2015; Kilburn, 2003).

Characteristic waveform and spectral attributes (e.g. frequency content)
are used to classify volcano seismic signals into types, which relate to distinct
geological processes. A distinction is often made between Volcano-Tectonic
(VT) seismicity which results from mechanical failure and Long Period (LP),
hybrid and tremor seismicity, in which fluids are postulated to be directly
involved in the source process (Chouet and Matoza, 2013). Examples of
typical classes of volcano seismicity are presented in Figure 1.1, taken from
Chouet (1996).

Volcano-Tectonic (VT) seismicity is dominated by high-frequency sig-
nal in the range 5 to 15 Hz (McNutt, 1996) and shows clearly observable P-
and S-wave phases which feature impulsive onsets (Miller et al., 1998). It is
well-known to result from brittle failure (Smith et al., 2007), triggered as flu-
ids exert stresses on the rock mass surrounding conduits and fractures (and
by changing regional tectonic stresses). As such, the orientation and distri-
bution of VT sources can provide important information about the stress
field in the edifice, and has been used to map the extent of hydrothermal
and magmatic systems (Nishi et al., 1996). VT earthquakes show generally
double-couple (shear) source mechanisms but tensile type sources have also
been observed (Chouet and Matoza, 2013).

Long Period (LP) or Low Frequency (LF) seismicity is characterised by
harmonic frequency spectra in the range 0.2 to 5 Hz (Neuberg et al., 2000)
with well defined spectral peak(s) (Miller et al., 1998; Chouet and Matoza,
2013). These events often show long duration waveforms in the range 5 - 40
seconds (Bean et al., 2014) and have emergent (Neuberg et al., 2000) or weak
broadband wave onsets (Lahr et al., 1994) with no clear S-wave arrivals.
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Figure 1.1: Vertical ground velocities and spectrograms for LP, hybrid, VT
and tremor events that occurred prior to the December 1989 eruption at
Redoubt Volcano, Alaska. From (Chouet, 1996).

LP events generally show volumetric source mechanisms (Chouet, 1996),
however their emergent nature and often low amplitude can make both event
location and source inversion difficult (Walsh et al., 2019). Although a topic
of some debate, LP seismicity is predominantly ascribed to resonance in
fluid-filled cracks and conduits (Chouet, 1996) and widely associated with
fluid transport. However, some LP events - particularly those of relatively
short duration - have been linked with a mechanical source, such as slow
rupture brittle failure in conjunction with path effects (Bean et al., 2014;
Harrington and Brodsky, 2007) or the failure of a hot and ductile medium
(Sherburn and Scott, 1993).

As with VT events, the timing and rate of occurrence of LPs may be
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used to infer the stability of the volcanic system (Wassermann, 2012). LPs
often occur as repeating, self-similar events, in spatially clustered swarms
(Hammer and Neuberg, 2009; Saccorotti et al., 2007b); features that are
indicative of a stationary, repeating and non-destructive source. Analysis of
their event locations has been used to image conduit and fracture geometries
with migrating event hypo-centres being linked to the real time movement
of fluids (De Barros et al., 2009). The analysis of frequency content and
attenuation of LP seismicity has been used as a tool to estimate the geom-
etry (Kumagai and Chouet, 2001) and fluid (Kumagai and Chouet, 2000)
of fluid-filled cracks and conduits (resonators) (Kumagai and Chouet, 1999;
Lokmer et al., 2008; Jousset et al., 2013). Temporally evolving spectral char-
acteristics of LP events have been observed at a number of volcanoes and
linked with phenomena such as precursory pressurisation of the magmatic
system (Powell and Neuberg, 2003), changes in the stress regime due to vol-
canic eruption (Lokmer et al., 2008), and changes in pore fluid composition
(specifically the fluid gas fraction) (Kumagai et al., 2002; Jolly et al., 2012b).

Hybrid seismicity comprises elements of both VT and LP events and fea-
tures an impulsive high frequency onset followed by a LP coda. As such
hybrid seismicity is generally interpreted to result from brittle failure of
the rock followed by crack resonance as fluids rush into the newly opened
fracture (Chouet and Matoza, 2013).

Tremor is a long duration (minutes to months), continuous, and some-
times harmonic signal, in a well-defined narrow-band frequency spectrum
and is a particularly consistent short term indicator for eruption (McNutt,
1996). Tremor is closely linked to LP events, with which it is often ob-
served to share spectral features. In the field, swarms of LP events have been
recorded merging into tremor (Hotovec et al., 2013), suggesting a common
source mechanism (Neuberg et al., 2000). While LP events are considered
to be the response of a system to a pressure transient, tremor may represent
the response of the same system to sustained pressure fluctuations, though
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the variability in character of tremor signals globally is indicative of multiple
possible source processes (Chouet and Matoza, 2013).

A typical model for eruptive precursory seismicity, based on case studies
of eruptions at 8 volcanoes was suggested by McNutt (1996) and is illus-
trated in Figure 1.2. Initially swarms of VT events occur over a period of
months to a year before eruption, associated with shear fracture due to
magma movement and pressurisation. These events transition into LP and
tremor seismicity lasting from 1 day to 4 months. This generally occurs at
shallow depths and may be associated with the exsolution of magma volatiles
and interaction between magmatic and hydrothermal systems creating ideal
conditions for crack (Chouet, 1996) and/or conduit (Neuberg et al., 2000)
resonance. A period of quintessence sometimes follows, during which LP and
tremor seismicity may still occur and this is followed by the eruption itself.
Post-eruption, deep VT seismicity occurs as a result of relaxation of magma
in the now partially filled reservoir.
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Figure 1.2: Earthquake swarm time-history schematic modified fromMcNutt
(1996), showing seismicity rate, dominant event types and main processes
responsible for seismicity in the approach to eruption.

The model presented above is largely relevant for closed system volcanoes
characterised by sealed conduits, but may be less relevant for open systems
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with permanent or semi-permanent open conduits (Chaussard et al., 2013).
In particular, as open conduit systems allow the release of pressure from
the edifice, stress changes associated with brittle failure and VT seismicity
may be absent. It should also be noted that due to the variability in volcano
structure and properties world-wide, such models cannot be applied to all
volcanic eruptions but serve as generalised guides for hazard monitoring
(White and McCausland, 2019).

1.3 The link between fluids and volcanic

hazards

Ultimately volcano seismicity is important because 1) it may allow prediction
of the time, location and nature of volcanic hazards (Chardot et al., 2015)
and 2) it is a resource to aid better understanding of the structure of volcano
systems.

Volcanic eruptions may vary widely in terms of magmatic volume output
and rate, and eruption styles, which vary from gentle or effusive lava flows
to cataclysmic explosions (Pyle, 2015). Different eruptive mechanisms and
styles may occur even at the same volcano. At White Island for example,
the eruptive history includes activity of phreatic, phreato-magmatic and
magmatic origin (Letham-Brake, 2013). Phreatic and particularly phreato-
magmatic eruptions are explosive in nature, as the heating and boiling of
water or hydrothermal fluids by magma can rapidly generate large fluid
pressures that exceed the overburden stress. Magmatic eruptions may be
effusive or explosive, depending to a large extent upon the rate of magma
ascent (Gonnermann and Manga, 2007). The ascent rate in turn depends
upon the volume of volatiles in the magma and the magma rheology, among
other factors.

The movement of magma within the edifice is driven by pressure dif-
ferentials and buoyancy, due to the exsolution and expansion of volatile
species as gas bubbles. Eruptive events may be initiated by the injection of
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magma deep in the edifice or by the removal or weakening of a confining
rock mass. As magma is forced upwards, decompression occurs and super-
saturated volatiles are exsolved, causing gas bubbles to nucleate and expand
(and in some cases coalesce), overcoming viscous forces to accelerate magma
towards the surface (Gonnermann and Manga, 2007).

If the magma ascent rate is fast, continuing bubble growth causes the
deformation of magma leading it to exhibit non-Newtonian behaviour. At
some point, the stress exerted by bubbles cannot be accommodated by strain
in the magma, resulting in brittle failure and fragmentation. At this stage,
the magma transitions from a bubbly melt to a gassy spray with dispersed
magma fragments, resulting in explosive eruptions (Sahagian, 1999). In con-
trast, fragmentation is less likely to occur for slower magma ascent rates
which may result in more effusive eruptions.

Magma viscosity is variable at volcanoes, ranging from 1 Pa s to 109 Pa s.
In general, low viscosity magmas easily allow the escape of bubbles and tend
to erupt effusively, while high viscosity magmas are more prone to fragmen-
tation and explosive eruptions (Gonnermann and Manga, 2007). Rock poros-
ity and permeability offer an escape route for exsolved gases (outgassing),
reducing the pressure and again the likelihood of fragmentation. The as-
cent of fluids through the volcanic edifice also forms new fractures, either by
rapid dynamic failure or by slow rupture (Kilburn, 2003). These fractures
represent the sites for volcano-seismic sources by both brittle and resonant
processes.

The dependence of the style and therefore danger of eruption, on the
physical properties of fluids in the edifice is a key motivating factor to better
understand the link between volcanic fluids and detectable seismicity.

1.4 Thesis aims

Although volcano seismicity is inextricably linked to the movement of pres-
surised fluids, the relationship between fluid properties/types and volcano
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seismic signals is not well understood. This is due to the difficulty in link-
ing detected seismicity to fluids deep in the edifice which cannot be di-
rectly observed, but only inferred from surface observations (e.g. analysis
of magma geochemistry from previous eruptions or the monitoring of out-
gassing (Werner et al., 2008)) or through the application of numerical models
(Neuberg and O’Gorman, 2002). Given the dynamic nature of volcanic flu-
ids and the simplifications and non-uniqueness of numerical modelling, more
work is needed to better understand this relationship.

With this in mind, the primary research question that this thesis strives
to answer is:

How are key seismological indicators that can be monitored at
volcanoes affected by volcanic fluids in the edifice?

The thesis addresses this research question as three additional questions
which are explored in each chapter.

1. How do the specific seismic indicators; the amount, rate, type
and spectral character of volcano seismicity, relate to fluid viscos-
ity? Given that viscosity represents a control on flow rate and eruptive
behaviour (see Section 1.3), it is important to understand the relationship
between common seismological indicators and fluid viscosity. This is ad-
dressed in Chapter 2, by using controlled laboratory experiments to simulate
volcano-fluid movement with varying fluid viscosity. Seismicity is detected
by means of a dense sensor array, in order to reduce wave propagation effects
(intrinsic attenuation and scattering) and isolate the source signature.

2. How do fluids in the volcanic edifice influence seismic wave
propagation? Volcano seismic signals are a result of the source signature
in combination with wave propagation effects (Aki and Richards, 1980), both
of which are affected by fluids in the edifice (see Section 1.8). Quantifying
wave propagation in terms of velocities and attenuation has important ap-
plications for delineating volcano structure, mapping fluids and monitoring
fluid movement and composition through volcano tomography. Meanwhile,
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changes in the spectral content of volcano seismicity, interpreted to be due
to changes in attenuation, have been observed in the approach to gas-driven
eruptions at several volcanoes (Caudron et al., 2019). Chapter 3 explores
how wave velocity, attenuation and spectral content vary in fractured vol-
canic rocks, saturated with fluids of variable viscosity and bulk modulus,
using experimental active source surveys.

3. Can attenuation due to wave propagation through fluid-
saturated media distort VT seismicity to resemble LP seismic sig-
nals? VT seismicity is distinguished from LP earthquakes based in part
upon waveform and frequency attributes. These two ‘types’ of seismicity are
usually interpreted to be due to the distinct source processes of brittle fail-
ure and crack resonance respectively. Following on from experimental results
described in Chapter 3, I investigate whether strong attenuation, associated
with gas-charged hydrothermal systems might cause VT earthquakes to re-
semble LP seismicity. This is explored in Chapter 4 using numerical wave
propagation modelling and has significant implications for interpreting vol-
cano seismicity in hazard monitoring, particularly as a means to estimate
fluid composition in the volcano (see Section 1.7).

1.5 Source mechanism of fluid-induced

seismicity

As volcanic fluids are thought to be directly involved in the source mech-
anism for LP, hybrid and tremor seismicity, the analysis of these events
has taken on extra importance as a tool to better understand the fluid pro-
cesses that drive volcanic eruptions and the physical properties which control
them. In particular, estimating the properties of associated magmatic and
hydrothermal fluids has become a major aim of recent studies (Morrissey
and Chouet, 2001; Lokmer et al., 2008), as these mark a key control on
the style and therefore the risk represented by eruption (Gonnermann and
Manga, 2007).
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The low frequency signature of these types of seismicity is generally con-
sidered to be the response of a resonant system to an excitation (or trigger)
mechanism. The fluid driven crack model (Chouet, 1986, 1992) is perhaps
the most prominent theory explaining LP resonance. In this model, energy
becomes trapped at the fluid-rock interface of a crack in the form of a slow
moving interface (or crack) wave. The wave travels back and forth, reflect-
ing at crack tips where a proportion of the energy is radiated as body waves
into the surrounding media. The interface waves propagate more slowly than
acoustic waves in the same fluid (Chouet, 1996) and are inversely dispersive
(Ferrazzini and Aki, 1987) with group and phase velocity approaching zero
as the wavelength tends to infinity. The slow wave speed accounts for the low
frequency content of LP seismicity associated with resonators (fractures) of
realistic volcanic dimensions, by the simple equation f = v/λ where f is
frequency, v is phase velocity and λ is wavelength.

The characteristics of crack resonance are dependent upon both the ge-
ometry of the crack and the elastic properties of the solid and fluid media
and are quantified by the parameters impedance contrast (Z) and crack
stiffness (C):

Z =
vrρr
vfρf

, (1.1)

and
C =

KfL

µrd
, (1.2)

where Kf is the bulk modulus of the fluid, µr is the shear modulus of
the rock matrix, L is crack length, d is crack aperture, ρr and ρf are the
densities of the rock matrix and fluid and vr and vf are the P-wave velocity
in the rock matrix and fluid (Morrissey and Chouet, 2001).

Given that

vf =

(
Kf

ρf

)1/2

, (1.3)

and

vr =

(
Kr + 4

3
µr

ρr

)1/2

, (1.4)
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where the bulk modulus of the rock, Kr = λr + 2
3
µr, with λr and µr being

Lamé coefficients, by invoking Poisson’s relation (λr = µr), and by substitu-
tion into equation (1.2), C can also be expressed in terms of geometric and
fluid and rock properties as:

C = 3
v2f
v2r

ρf
ρr

L

d
(1.5)

Investigations using synthetic seismograms showed that the far field char-
acteristics of crack resonance were dependent upon the position and nature
of the excitation initiating resonance and the values of C and Z (Chouet,
1992). The phase velocity (and hence frequency) of the interface wave de-
creases with increasing wavelength and C (Ferrazzini and Aki, 1987), while
high Z values result in long duration signals. Synthetic seismograms gen-
erated by the crack model generally have frequency spectra that contain a
number of narrow spectral peaks, which are defined by the interactions of
different resonant modes (Chouet, 1992).

1.6 Excitation mechanism of fluid-induced

seismicity

Resonant models of fluid-induced seismicity require a time-localised excita-
tion (or trigger mechanism) in order to initiate resonance. For hybrid events
the initial wave onset is similar to that seen in VT earthquakes and thus they
are thought to be initiated by brittle failure intersecting (or at) a fluid-filled
crack (Lahr et al., 1994). For LP seismicity a brittle excitation is incon-
sistent with the inferences of a non-destructive, stationary and volumetric
source mechanism (Section 1.2). Numerous theories (see below) have been
suggested for mechanisms that do satisfy these criteria and indeed it is likely
that LP signals can be initiated in a number of ways.

The interplay between magmatic and hydrothermal systems offers one
potential trigger mechanism for LP seismicity, suggested to be at play at



Excitation mechanism of fluid-induced seismicity 33

several volcanoes including Kusatsu-Shirane (Nakano et al., 2003) and Mt.
St Helens (Waite et al., 2008). A transient pulse in fluid pressure is generated
when magmatic heating causes the boiling and subsequent overpressure of
the hydrothermal fluid in a crack. As pressure reaches a threshold, the fluid
is discharged and the crack collapses and reseals, providing both the trigger
and cavity for resonance in a rechargeable and non-destructive system.

Gas flow through fractures due to magmatic degassing represents a sim-
ilar excitation mechanism (Johnson and Lees, 2000), which is supported
by observed correlations of LP seismicity and tremor with gas output (e.g.
Werner et al. (2008); Cruz and Chouet (2002)). Lesage et al. (2006) sug-
gests an interesting degassing model for tremor at Arenal volcano, Costa
Rica, termed the magmatic clarinet. The model consists of a fractured solid
(or viscous) ‘plug’ overlying a magma conduit, which can temporarily inhibit
upward gas flow (Johnson and Lees, 2000). Intermittent gas flow through
the plug is analogous to blowing on a clarinet reed and excites a pressure
pulse which stimulates interface wave resonance in the conduit (the pipe).
An anti-node at the top of the conduit (the plug) represents the point where
the pressure takes a periodic maximum, constrained by the resonance fre-
quency. This may overcome a threshold and allow the escape of underlying
gas before enough pressure is vented to close the crack. This periodic feed-
back mechanism is postulated to be responsible for harmonic spectra with
regularly spaced spectral peaks which merge into tremor by the Dirac comb
effect.

The brittle deformation of (viscous) magma itself has been suggested
as another LP/hybrid trigger mechanism. Observations of tuffisite veins in
rhyolitic magma conduits at Torfajokull, Iceland (Tuffen et al., 2003), are
though to be remnants of a process in which the magma is fractured and
subsequently healed (welded) in a rechargeable mechanism for the induction
of seismicity. The seismic energy generated in this process may be captured
by the conduit, where the impedance contrast with the country rock is high
enough and the magma viscosity low enough to produce resonance, while
the depth of the source is fixed to a narrow region in the brittle-ductile
transition (Neuberg et al., 2006).
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An entirely different proposed mechanism is the non-linear excitation of
seismicity by fluid flow associated with constrictions in a channel (Julian,
1994) with elastic and damping walls. Providing the fluid moves with enough
velocity, pressure differentials caused by the Bernoulli effect can cause self
sustaining oscillations of the channel walls which may generate LP seismicity.

1.7 Estimation of fluid composition from LP

seismicity

The spectral properties of resonant volcano seismicity are defined by Z and
C in the fluid-filled crack model (Chouet, 1986, 1992), which are in turn
defined by the wave speeds and densities of the rock and fluid and the crack
geometry. As such, the comparison of the quality factor, Q measured from
spectral peaks (resonant modes) of field LP events with that from synthetic
seismograms generated by the model - using realistic in-situ (and variable)
input parameters - can be used to infer the likely fluid composition (Kumagai
and Chouet, 2000) or geometries (Kumagai and Chouet, 2001) of resonant
fractures.

The quality factor, Q and its inverse Q−1 are a measure of seismic wave
attenuation and for the fluid-filled crack are defined as:

Q−1 = Q−1
r +Q−1

i , (1.6)

where Q−1
r represents losses associated purely with the radiation path and

Q−1
i accounts for intrinsic losses in the fluid. For both real and modelled

signals, Q−1 is usually measured by the autoregressive Sompi method (Hori
et al., 1989; Kumazawa et al., 1990), which resolves the decaying harmonic
components of an oscillating time series corrupted by noise (Lokmer et al.,
2008) in terms of their complex frequencies f − ig, where f is frequency, g
is the growth rate and i =

√
−1. Q is calculated by:

Q−1 = −2g/f. (1.7)
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While Q−1 measured for real volcanic earthquakes is correctly expressed
by equation (1.6), Q−1 measured for modelled waveforms accounts only for
Q−1
r . Q−1

i may be calculated separately from thermodynamic equations of
state (Commander and Prosperetti, 1989; Kumagai and Chouet, 2000) for
possible multiphase fluids or is sometimes ignored. Despite this, Q−1

i may be
significant in several fluid mixtures including bubbly liquids (water, basalt)
and dusty gases of large bubble size. Figure 1.3, adapted from Kumagai and
Chouet (2000), shows how Qr and the dimensionless frequency, ν = fL/vf ,
of an associated resonant mode (calculated from modelled seismograms)
vary for some common multi-phase fluids found in volcanoes. Qr is observed
to increase with increasing vr/vf , while ν decreases with increasing vr/vf
and ρf/ρr. As Q is measured based on the temporal decay of a single signal,
anelasticity and scattering losses along the wave propagation path have no
effect.

vr/vf

ρf/ρr

vr/vf

Figure 1.3: Contour diagrams of radiation quality factor, Qr (a) and dimen-
sionless frequency ν (b) for a resonant mode of a crack filled with various
types of multi-phase volcanic fluids of variable density and acoustic velocity.
Adapted from Kumagai and Chouet (2000). Please see this publication for
more detailed information.

Examples of the Sompi method being used to constrain properties at
volcanoes include Lokmer et al. (2008), where LP seismicity at Mt Etna
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characterised by low Q spectral peaks (Q=2-5) is linked to water or liquid
basalt at low gas volume fraction. An increase in Q and the related signal
spectral frequency, following eruption was interpreted as being due to an
increase in gas volume, caused by the depressurisation of the source region
and downward movement of the bubble nucleation level. Kumagai et al.
(2002) relates a sequence of temporal changes in Q and f of LP seismic
signals to the evolution of a crack filled with hydrothermal fluids in response
to a magmatic heat pulse. Changes in these parameters are related to crack
growth, followed by a transition in crack-fluid from wet to dry gas, and
finally crack collapse as the gas is vented.

Constraining the fluid composition within a crack is important in as-
sessing whether magmatic or hydrothermal fluids are responsible for the
observed seismicity (De Angelis and McNutt, 2005) or assessing gas vol-
ume in magma (Jolly et al., 2012b). Phreatic and magmatic eruptions have
different eruption styles. In addition, magma volatile content and viscosity
are key parameters in controlling the explosive/effusive style of an eruption
(Gonnermann and Manga, 2007).

1.8 The role of source and path effects on

volcano seismicity

Inversion of source and physical properties from volcano seismicity is a pow-
erful tool to better understand volcanoes and the dangers they represent.
However, seismic signals observed at seismometer stations represent a convo-
lution of both source and wave propagation effects (Aki and Richards, 1980).
Gaining insight into properties of either the source of an earthquake, or the
subsurface that defines the wave path, requires identification and separation
of these effects.

A first order identification of different classes of volcano seismic signals
(e.g. VT or LP) are important as they relate to different source mechanisms
associated with volcano processes and provide volcano risk information (Mc-
Nutt and Roman, 2015). This is illustrated in Figure 1.2, which suggests that
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LP events and tremor may be a better short term hazard indicator than
VT seismicity. Furthermore inversion of source mechanisms, conduit geome-
tries and fluid properties from spectral peaks of LP events requires that we
correctly identify source-related features (e.g. spectral peaks or waveform
polarities).

Common spectral peaks present in the frequency spectra of a seismic
event, observed at multiple seismometer stations, located variable distances
and azimuths from the source are usually interpreted as a source effect
(Chouet et al., 1994; Saccorotti et al., 2007b; Neuberg et al., 2000; Unglert
and Jellinek, 2017) and are routinely analysed for source inversion purposes.
Path effects however, affect volcano seismic signals by attenuation due to
both scattering and intrinsic mechanisms. Intrinsic attenuation due to pore
fluids saturating the wave propagation media reduces wave amplitudes and
frequency content (O’Brien and Bean, 2009). Meanwhile, scattering effects
from shallow volcano stratigraphy can trap wave energy, causing a significant
increase in signal duration away from the source and resulting in incorrect
inversions for source mechanisms (Bean et al., 2008).

Bean et al. (2014) propose an alternative source mechanism for the in-
duction of LP events that requires no fluids. They suggest that slow rupture
deformation in weak deposits in the upper volcanic edifice are responsible for
the low frequency content of some LP seismicity, with long coda durations
being the result of path effects. The low deformation velocity is a result of
failure under low stress drop due to a shallow angle of internal friction in
weak, quasi-ductile deposits.

Similar to path effects, the site at which seismometers are located may
also have a strong effect on the observed signal. McNutt and Roman (2015)
show an example from Mammoth Mountain, California, where a series of
event waveforms are recorded at a seismic station emplaced on bedrock and
on a soft sediment site, both at an epicentral distance of 4 km. At the
bedrock site a sequence of four high frequency (VT) events are recorded,
but at the soft sediment site the signal appears as a single, long duration
LP waveform.
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1.9 Modelling of volcano seismicity

1.9.1 Numerical modelling

As we have seen in the preceding sections, our understanding of volcano
seismicity has been enhanced by the use of numerical models. These have ex-
plored many aspects of volcanic earthquakes - and particularly LPs, hybrids
and tremor - from the excitation mechanism (Neuberg et al., 2006; Julian,
1994), to the shape and size of possible resonators (e.g. spherical (Crosson
and Bame, 1985), crack (Chouet, 1992), or conduit (Jousset et al., 2003))
and the fluid composition within (Kumagai and Chouet, 1999; Neuberg and
O’Gorman, 2002). Propagation path effects have also been accounted for in
models, including the effect of topography (Ripperger et al., 2003) and at-
tenuation (O’Brien and Bean, 2009), both inside and outside the resonator
(Jousset et al., 2004).

Such models, when properly calibrated with field data, are an important
tool to better understand volcanic processes and constrain the estimation
of physical properties. Geophysical inversion has the inherent problem of
model non-uniqueness. Therefore several models can equally explain ob-
served volcano seismic signals. Furthermore, because of the variability of
volcanic systems and the myriad of different volcanic processes, it is likely
that similar signals can be generated by fundamentally different processes
at different volcanoes. Experimental data, collected under controlled condi-
tions, can help better understand source mechanisms and resulting seismic
signatures.

1.9.2 Laboratory modelling

Controlled laboratory experiments are perhaps less utilised than numeri-
cal models for understanding volcano seismicity, but represent a novel and
growing area of research (Burlini et al., 2007; Benson et al., 2010). These ex-
periments tend to use Acoustic Emissions (AEs) (microseismicity) recorded
on ultrasonic transducers as analogues for field seismicity. They are able
to utilise real (or analogue) materials and perform experiments at in-situ
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subsurface conditions and like numerical models, can be adapted to simplify
the complexity associated with volcano systems, targeting specific physi-
cal processes. Their limitation to represent natural processes is sample and
wave frequency size and so scaling represents an important challenge of these
studies (e.g. Fazio et al. (2019)).

A number of experiments have explored the link between VT seismicity
and fracturing in the edifice by mechanical deformation of volcanic samples
under stress (Benson et al., 2007; Smith et al., 2009). Lavallée et al. (2008)
showed that lava melt, deformed under high temperature and variable stress
(1-40 MPa) exhibits non-Newtonian behaviour as the strain rate increases
beyond the ductile-brittle transition and failure occurs. The approach to
failure is associated with an increasing number of detected AEs of increasing
magnitude. This observation supports the superposition of Neuberg et al.
(2006) that brittle failure of magma initiates low-frequency earthquakes at
Montserrat. Heap et al. (2015) monitors acoustic emissions during the failure
of White Island lavas (dilatant) and tuffs (dilatant and compactant). He
notes that failure in lavas generates high energy events akin to VT seismicity,
while failure in tuffs tends to result in more continuous lower energy AEs,
which may be a possible mechanism for LP or tremor at White Island.

Other experiments have focused on the generation of AEs related to the
movement of fluids. Benson et al. (2008) shows that while AEs generated
by the dry, brittle failure of Mt. Etna basalt resemble VT seismicity, those
generated by a fluid pulse (caused by rapid depressurisation of pore pres-
sure) through the damage zone resemble LP events. These LP-type AEs
show frequency-fracture length scaling consistent with field LPs. AEs that
are generated by the deformation of water-saturated samples display high
frequency onsets and longer low frequency codas, resulting in spectrograms
that resemble hybrid-type seismicity (Benson et al., 2010).

Fluid phase transitions and the generation of AEs have been studied by
Benson et al. (2014). As water transitions from liquid to vapour during de-
pressurisation through the rock fracture network, the dominant frequency of
generated LP microseismic signals drops from 90 kHz to 20 kHz, respectively.
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This provides direct evidence of varying fluid phase changing the spectral
content of LP seismic signals as has been suggested by a number of models
(e.g. Kumagai et al. (2002)).

Fazio et al. (2019) finds that depressurisation of nitrogen gas results in
AEs that resemble Tornillo (‘screw’) events. Such events are a subset of LP
seismicity, characterised by sharp spectral peak(s), particularly long dura-
tions (minutes) and slowly decaying codas (Gomez et al., 1999; Hagerty and
Benites, 2003) and are associated with a high Q resonator. The duration of
the experimental Tornillo is equivalent to the pore pressure difference across
the sample (a proxy for flow speed) and is scale-invariant, meaning that sig-
nals of similar duration are produced at laboratory and field scale, if pressure
differentials are of the same order. Meanwhile, as in previous experiments
(Benson et al., 2008) the frequency content of events is hypothesised to be
dependant upon resonator dimensions.

Although passive AE laboratory experiments have proved to be a useful
method for studying volcano seismicity, samples have been limited in terms
of rock type, fracture network and fluids. Furthermore, the effect of attenua-
tion on laboratory induced AEs has not been explored. Understanding how
attenuation affects these laboratory scale seismic signatures is important
for correctly interpreting AE results. More importantly, quantifying wave
velocities and attenuation associated with varying rock type, fracture net-
work and fluids, under controlled laboratory conditions can provide insight
for interpreting changes in volcano seismic signals and volcano tomography
studies.

1.10 Thesis Content

The fundamental goal of studying volcano seismicity is to predict the timing
and type of eruption, while it is also used to image volcano structure. As
we have seen, the properties of fluids in the edifice reflect the physical state
of the volcano but also affect seismic signals. In this thesis, I explore the
link between seismicity and fluids by using novel experimental methods to



Thesis Content 41

investigate both source and path effects of laboratory generated signals in
volcanic rocks, saturated with fluids spanning a wide range of viscosities. Ex-
perimentally derived parameters are then used in wave propagation models
to assess the role of attenuation in fluid saturated volcanic strata - associ-
ated with hydrothermal or magmatic systems - on volcano seismic signals.
Though fluid viscosity is well known to influence volcano fluid mechanics
and eruption style, its influence on seismicity is relatively unexplored.

1.10.1 Thesis outline

The three core chapters of this thesis are presented as a series of manuscripts
which at the time of thesis submission, have been published or are in prepara-
tion for submittal to peer reviewed journals. Although the research presented
in this thesis has been conducted by myself, I have chosen to use the first
person plural terminology ‘we’ in each of these core chapters. This reflects
the input of the co-authors to the individual publications, as described in
the co-authorship forms found at the beginning of this thesis. The chapters
share a common thread and each one builds on the work that preceded it.

Chapter 2 reports on novel laboratory experiments in which AEs are
generated by 1) the deformation and fracture of rock samples and 2) depres-
surisation of fluids of varying viscosity through the resultant damage zone.
Different types of events are observed that relate to VT-, LP-, hybrid- and
Tremor-type volcano seismicity. The study examines how key seismological
features are influenced by the fluid viscosity, including the event frequency
content and the number and rate of induced events. AE frequency content
is upscaled to the field and implications of the results are discussed in the
context of volcano seismicity. This study is published in the journal Geology
as ‘The relation between viscosity and acoustic emissions as a laboratory
analogue for volcano seismicity’ (Clarke et al., 2019). © 2019 Geological
Society of America.

Chapter 3 presents ultrasonic P-wave velocities and attenuation associ-
ated with a range of variably fractured volcanic rocks, saturated with fluids
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of variable viscosity. Two intrinsic attenuation mechanisms are modelled
and compared with the data to determine dominant attenuation mecha-
nisms in operation and aid upscaling of results. The implications of results
are discussed in relation to volcano tomographic and volcano seismic stud-
ies. This work is in preparation for submittal to the Journal of Volcanology
and Geothermal Research.

Chapter 4 builds on the findings of the previous two chapters by using
experimentally measured parameters (Chapter 3) in numerical simulations
of wave propagation, to explore the effect of fluid saturated media in the
propagation path, on recorded waveforms. We apply our modelling to lab-
oratory (cm) scale, to investigate the effects of attenuation on AE signals
recorded in Chapter 2 and to field scale to explore the effect on recorded
volcano seismicity. In the previous chapter, high attenuation was measured
in gas saturated samples and we investigate in particular if this can distort
the nature of VT seismic signals, causing them to resemble LP events. This
chapter is based on work that is in preparation for submittal to the Journal
of Volcanology and Geothermal Research.

In Chapter 5 we consolidate our results and link them together in a
short discussion and conclusion. We suggest possible avenues of exploration
for future work.

As this thesis is presented as a series of manuscripts, useful information
including additional figures, reports on preliminary/additional experiments
and theory is found in the appendices. Appendix A and Appendix B relate
to the work reported in Chapter 2. Appendix C relates to Chapter 3 and
Appendix D relates to Chapter 4.

1.10.2 Experimental rock samples

Chapters 2 and 3 of this thesis report on experiments carried out on volcanic
and analogue rock samples. Volcanic rocks comprising lavas and ash tuffs
were collected from White Island volcano and were chosen for experiment
as their intact physical properties - permeability, porosity and density -
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represent the two end members found in volcanic rocks (Table 3.1). American
Black Granite samples were also used for these experiments to represent a
low porosity, low permeability and high density lava. The reason for this
is that the experiments reported took place at the CSIRO labs in Perth,
Australia, where a limited amount of lava samples of sufficient length were
available.

1.10.3 Conferences

The work reported in this thesis has been presented at several conferences:

• Dec. 2018. ‘Geoscience Society of New Zealand Annual Confer-
ence’. Napier, New Zealand. Oral Presentation. ‘Experimental Evi-
dence of Volcanic Earthquakes Induced by Different Fluid Types’.
James Clarke, Ludmila Adam, Joel Sarout, Kasper van Wijk, Ben
Kennedy, Jeremie Dautriat.

Awarded best student oral presentation runner up (joint) prize.

• Dec. 2017. ‘American Geophysical Union Fall Meeting’. New Orleans,
USA. Poster presentation. ‘Experimental evidence of volcanic earth-
quakes induced by different fluid types’. James Clarke, Ludmila Adam,
Joel Sarout, Kasper van Wijk, Ben Kennedy, Jeremie Dautriat.

• July 2016. ‘SEG-AGU Workshop. Upper Crust Physics of Rocks’.
Hilo, Hawaii, USA. Poster presentation. ‘Investigating the effect of
alteration on the physical properties of volcanic rocks at White Island’.
James Clarke, Ludmila Adam, Kasper van Wijk.





Chapter 2

The Relation Between Viscosity
and Acoustic Emissions as a
Laboratory Analogue for Volcano
Seismicity

Volcano seismicity is commonly associated with fracturing and the move-
ment of volcanic fluids. In this chapter we investigate the relation between
fluids and volcano seismic signals, by recording acoustic emissions (AEs) in
the laboratory that result from fracturing and fluid depressurisation through
the fractured rock. We vary the fluid viscosity to create field analogues of
hydrothermal and magmatic fluids. We investigate how key seismological
indicators change with the viscosity of the venting fluid and gain insight
into some of the mechanisms that generate different types of seismicity at
volcanoes.

2.1 Introduction

Volcanic seismicity is driven by pressurised, or buoyant magmatic and hy-
drothermal fluids. As such, seismic signals can act as warnings to hazards,
such as eruption and dome collapse (Chardot et al., 2015; Miller et al., 1998).
Characteristic waveform attributes (e.g. frequency content) of volcano seis-

45



46 The relation between viscosity and laboratory volcano seismicity

mic signals can be used to identify distinct geological processes such as
faulting or fluid migration.

Volcano-Tectonic (VT) seismicity, dominated by relatively high-
frequency signal (5-15 Hz), results from brittle failure, triggered as fluids
exert stresses on the rock mass (Chouet and Matoza, 2013). Long Period
(LP) - or low frequency (LF) signals, with frequencies in the range 0.2-5 Hz
and more emergent P-wave onsets (Neuberg et al., 2000) are predominantly
ascribed to resonance in fluid-filled cracks and conduits and associated with
fluid transport. Hybrid events feature an impulsive VT onset, followed by
LP coda (Miller et al., 1998). Finally, volcanic tremor is a long duration,
continuous, and sometimes harmonic signal, in a well-defined narrow-band
frequency spectrum. It may follow LP events, suggesting a common source
mechanism (Neuberg et al., 2000). The analysis of LP type events is used
to infer fluid properties, conduit geometry and pressurisation of a volcanic
system which are important factors in understanding and mitigating risk
(Jousset et al., 2013; Saccorotti et al., 2007b).

Although fluid mobility is vital for induction of precursory seismicity, we
lack knowledge of how fluid viscosity - a key control on flow rate - affects
volcano seismicity. Because fluid viscosity is a major influence on eruption
style (Gonnermann and Manga, 2007), understanding its relationship to
volcano seismicity is of great interest for hazard assessment.

Scaled laboratory experiments may be useful for modelling volcano-
seismic processes, as they allow isolation of specific processes under con-
trollable, in situ conditions. Previous experiments have proved successful
in using a fluid pressure pulse through a rock fracture to generate acous-
tic emissions (AEs) analogous to LP, hybrid and tremor seismicity (Benson
et al., 2008, 2014; Fazio et al., 2017). Benson et al. (2014) showed that the
dominant frequency of LP events in fractured basalt varied when a pressure
pulse of high temperature water transitioned from liquid to gas phase. De-
spite these successes, the range of fluid viscosities used to experimentally
investigate volcano seismicity has been limited. Here, we explore this rela-
tionship by analysing the temporal, spatial and spectral characteristics of
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AE waveforms. First, AEs are induced via rock fracture, and subsequently by
depressurisation of fluids with viscosities representative of realistic volcanic
fluids through the resultant damage zone.

2.2 Methods

A 74.5 mm long, 38 mm diameter cylindrical core sample of imporous
(0.63 %) and impermeable (5.9× 10−19 m2), homogeneous American Black
Granite is fractured by applying axial load in a triaxial stress cell. A con-
fining pressure of 1 MPa produces a damage zone of vertical to sub-vertical
intersecting fracture planes, imaged by X-Ray Computerized Tomography
(XRCT) (Figure 2.1A). Subsequently, the sample is saturated with pres-
surised fluids of variable viscosity (Table 2.1). Rapid depressurisation of
fluid pressure is achieved by venting to atmosphere via a ball valve at the
top of the sample. Two sets of depressurisation experiments are carried out
on this sample, at effective pressure (Pe) conditions of 5 MPa and 20 MPa.
A confining pressure of 40 MPa is used for all tests except for the Pe=5 MPa
nitrogen gas experiment (see Appendix A - Figure A.1).

AEs for the fracturing and depressurisation experiments are recorded on
eighteen ultrasonic transducers (0.5 MHz peak frequency) embedded in the
sample jacket. These transducers are also used as active source-receiver pairs
to estimate the rock velocity model for AE location. An event is detected
when at least four transducers are triggered by a minimum amplitude of
7 mV within a time window of 100 µs. Spectral information of each AE is
gathered from the highest amplitude waveform, typically recorded on the
transducer closest to the source.

Laboratory fluid viscosity is scaled to volcanic analogues by considering
an idealized model of parallel plates (Sarkar et al., 2004). The laminar vol-
umetric flow rate, QFR for a fluid with viscosity, µ through a smooth-sided,
rigid, and impermeable fracture of length, L, width, W and aperture, d,
under a pressure gradient, ∆P is:
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QFR =
Wd3∆P

12µL
. (2.1)

If QFR and ∆P are equal for laboratory and volcano (field) fluids, then
volcano and laboratory fluid viscosity relate as:

µV =
µlLlWV d

3
V

Wld3lLV
, (2.2)

where the subscript l and V represent the laboratory and volcano, respec-
tively. Ll,Wl and dl are estimated from the XRCT images to have maximum
values of 7.5 cm, 3.8 cm and 0.6 mm respectively. We consider field volcanic
conduits with a realistic length, LV ≈ 500 m, a LV /WV ≈ 0.5 and an
aspect ratio LV /dV ≈ 104, consistent with previous modelling of LP reso-
nance (Kumagai and Chouet, 2001). The µV values (Table 2.1) should be
regarded qualitatively, as estimates are sensitive to fracture geometry. In
addition, magma has a complex strain dependent rheology, where fractional
crystallization and volatile volumes alter its viscosity ((Mader et al., 2013);
Appendix A.5). Our experimental fluids are homogeneous and single phase
and thus do not model rheological effects of magmatic flow. Gas flow can-
not be modelled by Equation (2.1), but nitrogen gas represents a realistic
analogue for volcanic volatiles.

Table 2.1: Viscosity of laboratory venting fluids (µl) (Segur and Oderstar,
1951), and calculated field equivalent (µV ).

Fluid µl(Pa-s) µV (Pa-s) Field Analogue

Nitrogen Gas 2× 10−5 NA Gas
Water 0.001 600 Basaltic magma
60% Glycerol 0.01 6000 Andesitic magma
85% Glycerol 0.1 6× 104 Andesitic magma
100% Glycerol 1.4 8× 105 Andesitic magma
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Figure 2.1: A: X-ray computerized tomography rendering of the sample’s induced fracture
network. Superposed are the AE locations for both sets of depressurisation experiments,
colour-coded by the fluid-type that induced the event (glyc refers to glycerol). Ultrasonic
sensor locations are represented by black cubes. Two spatial event clusters are identified.
Cluster 1 consists of 21 AEs which align with a 6 cm long fracture. 52 % of these are
induced by nitrogen, 24 % by water and 24 % by glycerol solutions. Cluster 2 comprises 30
AEs, located toward the top of a central fracture that runs the full length of the sample.
Of these, 7 % are induced by nitrogen, 60 % by water, and 33 % by glycerol solutions.
B-E: Representative seismic waveforms for four event types with their normalised spectro-
gram and power spectrum. For normalised spectrogram intensities, blue represents 0 and
red represents 1. B: Volcano-Tectonic (VT)-type waveform with an impulsive onset and
350 kHz peak frequency. C: Long Period (LP)-type waveform with emergent onset and
well-defined low peak frequency, showing little to no energy at high frequencies. D: Hybrid
type waveform, showing impulsive VT onset followed by LP coda. Note the ‘hockey stick’
shape of the spectrogram. E: Two pulses of continuous tremor-type signal (Appendix A -
Figure A.5) with narrow band, low frequency (∼200 kHz) spectrogram.
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2.3 Results

2.3.1 Cumulative fluid-induced events

249 fluid-induced events are recorded for the two effective pressure condi-
tions. Of these, 66 % are induced by venting nitrogen, 25 % by water, and
9 % by glycerol solutions. For both experiments, the cumulative number of
AEs detected during one hour following fluid depressurisation is inversely
proportional to fluid viscosity (Figure 2.2). The initial rate of induced events
is essentially equivalent for nitrogen and water but is otherwise inversely pro-
portional to fluid viscosity. The seismic response to fluid depressurisation is
not instantaneous, and the lag time is proportional to fluid viscosity. For vis-
cous fluids, induced seismicity occurs several minutes after depressurisation.
For our experiments, number of events (n) and lag time (to) follow power
laws with respect to viscosity:

n = 34.7µ−0.3
l and to = 1.5µ0.7

l (2.3)
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Figure 2.2: Cumulative number of AEs induced by fluid type for Pe = 5 MPa
in one hour after fluid pressure release.
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2.3.2 Fluid-induced event locations

An event is located if the P-wave arrival time can be identified on 8 or
more transducers. Homogeneous velocity models for hypocentre inversion
are estimated from the active ultrasonic surveys. Event locations generally
correlate with the fractures identified in the XRCT images. Two main spatial
clusters locate on two orthogonally intersecting fracture planes (Figure 2.1).
Cluster 2 is associated with a complex intersection of fractures of different
scales (Appendix A - Figure A.4). The least viscous nitrogen-induced events
are distributed widely throughout the fractured sample, while events related
to venting the more viscous fluids are more localised.

2.3.3 Seismic signatures

During rock fracturing, 187 AEs are generated with predominantly high fre-
quencies (350 kHz) and impulsive onsets (Figure 2.1B), resembling classic
VT-type events. Fluid depressurisation induces a wider range of event types
in terms of frequency content. VT-type events are again present, while AEs
featuring an impulsive, high frequency onset and LF coda (Figure 2.1D) are
numerous and resemble hybrid seismicity. Low frequency (<250 kHz) AEs
with emergent onsets (Figure 2.1C) are less common. Long-duration sig-
nals occur during the initial second(s) of nitrogen venting and exhibit well-
defined peak frequencies of 200 kHz and beating waveforms (Figure 2.1E,
Appendix A - Figure A.5) resembling volcanic tremor. These signals are
detected in recordings of triggered, individual high-amplitude events, and
therefore, the source of the tremor cannot be located as the onset is not
recorded. Two LP AEs are identified in periods immediately preceding and
during tremor. Comparison of the frequency spectra of these two events with
that from tremor show that although they have similar dominant frequen-
cies, the LPs have significantly broader power spectra, suggesting a different
source (Appendix A - Figure A.6).
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2.3.4 Frequency analysis

Dominant frequencies are extracted from power spectra for fracturing- and
depressurisation-generated events. Histograms and Kernel Density Esti-
mates (KDEs; Bors and Nasios (2009)) for AEs generated during fracturing
and venting of nitrogen and water are shown in Figure 2.3(A-C). Events with
dominant frequencies of 350 kHz are heavily favoured during rock fracture
but are also prevalent during venting of all fluids. The dominant frequen-
cies for fluid induced events have a significantly broader distribution, with
a higher contribution from low frequencies, than is seen for AEs associated
with rock fracture.
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Figure 2.3: Histogram and kernel density estimates of the dominant frequen-
cies of AEs recorded during rock fracture (A), depressurisation of nitrogen
(B), and water (C) for Pe = 5 MPa. D: Dominant frequency of fracturing
and depressurisation events (black circles). Depressurisation of water induces
events with a secondary peak in the kernel density estimates (blue triangle).
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Water-induced events show a distinct bimodal distribution of dominant
frequencies, with a low frequency mode at 126 kHz which may be due to
fluid resonance. Such a bi-modal distribution is not observed for other flu-
ids. Although tremor, LP and hybrid-type signals are observed during ni-
trogen venting, no distinct low-frequency mode(s) are seen in the dominant
frequency KDE. It could be that nitrogen venting induces AEs across frac-
tures (resonators) with variable geometries, resulting in resonant waveforms
that are not defined by any particular frequency. In contrast, water-induced
events are more localized to specific fractures. The recording of relatively
few AEs induced by glycerol-based solutions limits our ability to draw sta-
tistically robust conclusions on dominant frequency distributions. The low
number of events for such fluids could be due to a lower fluid flow rate
associated with higher viscosities inhibiting triggering of AEs, while wave
attenuation may limit detection.

The frequency of the maximum of the KDE (Figure 2.3D) correlates with
fluid viscosity, ranging from ∼350 kHz for events generated by nitrogen and
water venting, to ∼250 kHz for events related to venting 100 % glycerol.
The decrease in frequency content with fluid viscosity is likely primarily
due to attenuation that results from (viscous) fluid flow. The fact that high
frequencies dominate these spectra suggests that fluid-induced events are
also partly associated with fracture mechanics (Benson et al., 2010).

2.3.5 Source mechanisms

Source mechanisms for 12 events generated by rock fracture and water de-
pressurisation are presented on a Hudson T-k plot (Sarout et al., 2017b) in
Figure 2.4. Focal mechanisms are described in terms of constant-volume
deviatoric (T) and volumetric (k) components of deformation. Fracture-
induced events cluster around the origin, which represents the pure double-
couple (DC) source of shear failure. The source mechanisms of water-induced
events display a greater spread in the T-k plot, having significant Compen-
sated Linear Vector Dipole (CLVD) (Julian et al., 1998b) and volumetric
components, indicating that multiple source mechanisms could be at play.



54 The relation between viscosity and laboratory volcano seismicity
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Tensile crack
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Tensile crack
closure

Figure 2.4: Error ellipses of the source mechanism for 12 events generated
during fracturing (red, solid) and water depressurisation (blue, dashed).
Only selected events where the P-wave polarity can be picked with con-
fidence on 8 or more transducers are inverted for source mechanisms.



Implications 55

2.4 Implications

Volcanology stands to benefit from a deeper understanding of the role of (vis-
cous) fluids in volcano seismicity. To interpret our experimental AEs in the
context of volcano seismicity, we apply a commonly used, linear frequency-
dimension scaling relationship (Benson et al., 2008):

Ll × Fl = LV × FV . (2.4)

For our laboratory sample fracture length, Ll=7.5 cm and the typical LP
waveform frequency, Fl ∼100 kHz, the equivalent field frequency, FV=7.5 Hz
for volcano conduits of length, LV=1 km. LP events in the field are typically
<5 Hz (Neuberg et al., 2000). From our experiment we hypothesize that a
tremor-like signal is generated preferentially by fast moving gas. This com-
pares favourably to interpretations of tremor at Ruapehu volcano, where
Hurst and Sherburn (1993) suggest resonant excitation by the ‘white noise’
signal of high-pressure gas flow to be a possible mechanism. Field observa-
tions of discreet LP events merging into continuous tremor (Neuberg et al.,
2000), suggest that tremor may be a superposition of LP events. Although we
do record discreet LP events with a similar peak frequency coincident with
tremor, LPs show a markedly broader power spectrum, which as pointed
out by Hurst and Sherburn (1993) is inconsistent with the superposition
hypothesis.

The Glycerol mixtures generated relatively few AEs, suggesting that the
contribution of migrating, high viscosity magmas to the overall seismicity
at active volcanoes may be small compared to low viscosity fluids, such
as brines and gas. The presence of LP and hybrid type glycerol-induced
events supports the idea that viscous magma melt (liquid phase) migration
contributes to LP seismicity (Burlini et al., 2007).

The peak dominant frequency of induced AEs appears to decrease with
fluid viscosity. Field seismic observations have related decreasing spectral
content of LP events to increasing gas volume in two phase mixtures, ex-
plained by resonating and scattering mechanisms (Jolly et al., 2017). Our
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data suggest that variations in fluid viscosity may offer a complementary
explanation for such frequency shifts in volcano seismic signals.

Wave attenuation due to viscoelasticity and scattering appears to have a
significant effect on the frequency spectra of detected experimental events.
This is also true in volcanic settings and may be compounded when seis-
mometers are far from the source (Bean et al., 2014). It has been suggested
that slow fracture rupture in unconsolidated material represents an alter-
native source mechanism for LP seismicity (Bean et al., 2014). The role of
path and source effects is a critical point to pursue in further work to truly
understand VT and LP signals in the laboratory and field.

Our experiments provide insight into how volcano seismicity relates to
the movement of pressurised fluids through rock fractures - a process thought
to be key to generation of LP seismicity. Our results suggest that the viscos-
ity of volcanic fluids may have an effect not only on the frequency spectra of
seismicity but also on the number of events, lag time, rate, and their spatial
distribution.

2.5 A note on experiments on additional

samples

The results reported upon in this chapter relate to deformation and fluid
depressurisation experiments on an American Black Granite core sample
(referred to as sample G2, throughout the rest of this thesis). Similar ex-
periments were conducted on further samples, utilising different lithologies,
fracturing conditions and effective pressures, with the aim of generating large
AE catalogues for analysis. However, these ‘additional’ experiments gener-
ated only small numbers of events during fluid depressurisation and so are
not reported in the main text. The results obtained from the additional ex-
periments, though sparse, generally support the conclusions of this chapter
and are briefly reported in Appendix B.



Chapter 3

The Influence of Fluid Type on
Elastic Wave Velocity and
Attenuation in Volcanic Rocks

Volcano-seismic signatures are the convolution of source and path effects.
The source signature provides important information about the dynamic
rock deformation and fluid resonance processes within the volcano, but path
effects are the result of the volcanic plumbing, the edifice physical conditions,
and the complex geological structure. Complicating the inversion of seismic
data further, is the influence of fluid properties. In this chapter, we use
pulsed ultrasonic waveforms to isolate and quantify the influence of path
effects in volcanic rocks from White Island, saturated with fluids of varying
viscosity.

3.1 Introduction

Volcanic seismic signals are associated with the unrest of active volca-
noes. Based upon the inspection of waveform attributes, these signals are
commonly separated into classes that represent different source processes.
Volcano-Tectonic (VT) events are due to brittle mechanics, while Long-
Period (LP) events are low frequency, generally long duration signals, pre-
dominantly ascribed to resonance in fluid filled cracks and conduits associ-
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ated with fluid transport. Analysis of LP events is an important tool used to
understand the fluid processes that drive volcanic eruptions and the phys-
ical properties which control them (Gonnermann and Manga, 2007). LP
events are used to image conduit geometries (De Barros et al., 2009; Sac-
corotti et al., 2007b) and their rate of occurrence is used as a proxy for the
stability of the volcanic system (Wassermann, 2012). Detailed LP source
information is extracted by using waveform polarities to invert for source
mechanisms (Jousset et al., 2013), while complex frequency content and at-
tenuation may be used to estimate the geometry (Kumagai and Chouet,
2001) and probe the fluid composition of the fluid-filled resonator (Kumagai
and Chouet, 2000). Long lasting, resonant events are associated with dusty
gases and bubbly fluids, whereas shorter duration events are associated with
more viscous and dense fluids such as water and liquid basalt (Kumagai and
Chouet, 1999). However, interpreting volcanic earthquake sources based on
waveform characteristics is challenging, as waveforms (Bean et al., 2014;
Cesca et al., 2008) and frequency content (Chouet et al., 1997; Coté et al.,
2010; Hagerty et al., 2000) are distorted by fractures, complex stratigraphy
and topography, but also variations in pore fluids.

Numerical modelling studies that seek to reproduce and explain observed
volcano seismicity typically include scattering due to topography (Neuberg
and Pointer, 2000; Ripperger et al., 2003; Lokmer et al., 2007) and strati-
graphic layering (Cesca et al., 2008; Bean et al., 2008; Kumagai et al., 2005),
but tend to treat the volcano edifice as fully elastic. Few studies account for
fluid-induced intrinsic attenuation in the wave propagating medium (Jous-
set et al., 2004; O’Brien and Bean, 2009), even though fluid mobility in, and
the impedance contrast of, fluid-filled fractures govern intrinsic (Gudmunds-
son et al., 2004; Canas et al., 1998) and scattering (Bianco et al., 1999; Del
Pezzo et al., 1995) attenuation of seismic waves in volcanoes. Furthermore,
temporal changes in both seismic wave velocities and attenuation are of-
ten associated with the accumulation and migration of hydrothermal fluids
(Vanorio et al., 2005; Julian et al., 1998a) and/or magma (De Gori et al.,
2005; Lees, 2007; Coté et al., 2010).
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Seismic waves are used to estimate time-lapse variations in seismic wave
velocity (Sens-Schönfelder and Wegler, 2006; Poupinet and Ratdomopurbo,
1995; Haney et al., 2009; Miller and Savage, 2001), attenuation (Fehler et al.,
1988; Titzschkau et al., 2010) and scattering (Snieder, 2004; Grêt et al.,
2005), as well as in changes in spectral content of volcano seismicity (Bu-
urman and West, 2010; Kumagai et al., 2002; Jousset et al., 2003; Lokmer
et al., 2008; Jolly et al., 2012b) and infrasound (Jones et al., 2008; John-
son, 2004). Such variations are critical to our understanding of volcano sta-
bility as they result from fluid movement (Hotovec-Ellis et al., 2018) and
replacement (Gunasekera et al., 2003), and the development of fractures
(Kilburn, 2003; Smith et al., 2007). Temporal variations in the frequency
spectra of volcano seismicity represent a particularly accessible and effective
way to monitor volcanoes. Buurman and West (2010) observe an increase
in the (relative) amount of low frequency energy of recorded earthquakes
over time - as VTs are replaced by hybrid and LP events - preceding the
explosive eruption of Augustine Volcano, Alaska in 2006. However, not all
seismological observations are associated with pre-eruption processes. Jolly
et al. (2012b) suggest spectral shifts in LP events at White Island may be
attributed to both source and path effects, as a result of varying gas bubble
content.

Key questions remain as to the influence of volcanic fluid properties
on path effects and the resulting frequency content of volcano seismicity.
Providing realistic inputs of wave speeds and attenuation for variable fluid
properties is critical for modelling and inverting (e.g. tomography) physi-
cal properties in volcanoes, and their temporal changes. Laboratory experi-
ments are one way to constrain wave velocities and attenuation observed in
the field. Limited experimental elastic wave data on volcanic rocks exist for
tuffs and lavas (Heap et al., 2015; Vanorio et al., 2002; Zamora et al., 1994;
Durán et al., 2018b) - which commonly form inter-bedded volcanic deposits
(Heap et al., 2017) - fluid effects (Adam and Otheim, 2013; Marketos and
Best, 2010; Nur and Simmons, 1969), mineral alteration (Pola et al., 2012)
and pressure conditions (Winkler and Nur, 1982; Fortin et al., 2014). And
although seismological field observations point at the importance of fluids,
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experimental elastic wave data for fluids of different properties within vari-
able volcanic rock types are absent. Here we study the effect of fluid viscosity
and elasticity on wave speeds and attenuation in volcanic rocks.

Pulsed ultrasonic surveys are used to measure wave speeds and atten-
uation on rock samples from White Island volcano saturated with fluids
that mimic variable magmatic viscosities and bulk moduli, with the fluid
set used being equivalent to that used in Chapter 2. Samples are measured
at in-situ stress conditions and represent high porosity, shallow (∼ 500 m)
ash tuffs and low porosity, deeper (∼ 1300 m) fractured lavas. Our goal is to
quantify changes in seismic velocity, attenuation and waveform frequency as
a function of fluid properties and pore network (fractures vs. granular). A
theoretical attenuation mechanism is compared to our experimental results
to aid scaling to field frequencies. We conclude by providing seismological
and tomographical field implications in the context of variable fluids and
rock types.

3.2 Methods

3.2.1 Experimental samples

Five cylindrical rock samples of variable lithologies are studied: American
black granites (G1, G2), lava (L1) and ash tuffs (T1 and T2), with all vol-
canic samples collected from White Island volcano. Granites are chosen to
represent a non-porous and non-permeable lava. The sample cylinders are
38 mm in diameter, with lengths varying between 49 mm and 77 mm.

Prior to the wave propagation experiments, all samples with the excep-
tion of T2, are deformed to create fractures and high permeability pathways
for fluid flow by applying an axial load in a triaxial rig. Sample G1 is de-
formed under high confining pressure (40 MPa) to generate a shear fracture
and a 3 mm central conduit is drilled to allow the saturating fluids easy
access to the fracture (as in Benson et al. (2008)). Samples G2, L1 and T1
are deformed at low confining pressure (1 MPa) to generate tensile vertical
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fractures. T2 is not pre-deformed, but during the application of confining
pressure the sample failed along a horizontal band. The active-source ultra-
sonic wave propagation experiments documented in this study precede the
passive seismic fluid depressurisation experiments described in Clarke et al.
(2019) and Chapter 2 of this thesis. As such, the motivation for using differ-
ent fracturing methods on different samples was to optimise conditions for
the generation of laboratory, fluid-induced acoustic emissions. In this study,
we restrict analysis of T2 to the intact part of the sample where no fractures
are present (i.e. away from the horizontal band).

Figure 3.1: Photographs of pre-deformation experimental samples (top) and
XRCT scan images of same samples post-deformation (bottom). The red
box highlights the intact part of sample T2 analysed in this study.

The post-deformation fracture networks are characterised by X-Ray
Computed Tomography (XRCT) scans of resolution 0.1 mm x 0.1 mm x
0.4 mm (L x W x H). Photographs of pre-deformation samples and XRCT
scans of post-deformation samples are shown in Figure 3.1. Fiji-imagej soft-
ware (Schindelin et al., 2012) is used to threshold the fractures from raw 2D
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image stacks as data quality is high. A global threshold value, based on gray-
scale amplitude spectra, is applied to separate the rock frame from empty
space (pores and fractures) (Otsu, 1979). Fracture porosity is estimated by
filtering the thresholded pore space by circularity. For that, ellipses are fit to
pore boundaries and circularity calculated by Circularity = 4π× Area

Perimeter2
.

Based on measurements on a random sample of fractures, we interpret pore
space with a circularity below 0.3 to represent fracture space. Pixels rep-
resenting fractures defined on the 2D dataset are summed in 3D to obtain
fracture porosity.

Sample Lithology Vp(m/s) ρ(kg/m3) Pc|Pf |Pe(MPa) φi(%) φf(%)

G1 Granite 5240 3050 40 | 20 | 20 0.6 3.1
G2 Granite 5240 3050 40 | 20 | 20 0.6 9.0
L1 Lava 5030 2620 40 | 20 | 20 0.7 5.1
T1 Tuff 1870 1190 8 | 7 | 1 43 1.3
T2 Tuff 1870 1190 8 | 7 | 1 43 0.0

Table 3.1: Lithology and physical properties of dry samples. P-wave veloc-
ity, Vp, and bulk density, ρ, are measured at atmospheric pressures. Pre-
deformation matrix porosity, φi, is measured with helium at a confining
pressure of 6.9 MPa. Post-deformation fracture porosity, φf , is estimated
from X-Ray Computerised Tomography images. Also listed are the experi-
mental conditions for the active source experiments: confining pressure, Pc,
fluid pressure, Pf and effective pressure, Pe.

Table 3.1 presents sample pre-deformation helium gas porosities (con-
fining pressure=6.9 MPa) and P-wave velocities (atmospheric pressures).
Porosities of intact ‘lava’ samples (L1, G1 and G2) are almost identical.
Post-deformation fracture porosity ranges between 3 % and 9 % for frac-
tured ‘lavas’. For sample G1, the conduit volume is not accounted in the
estimation of fracture porosity.

3.2.2 Saturating fluids

After the fracturing stage, five pore fluids with varying physical properties
(Table 3.2) are used to saturate the experimental samples under realistic
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subsurface pressure conditions (Section 3.2.3). These resemble a range of
volcanic fluids: gas, water, and magma with increasing viscosity, density
and bulk modulus. Viscosity, µf varies over six orders of magnitude between
fluids. Nitrogen has a significantly lower density, acoustic wave speed and
bulk modulus than the other fluids. Water and glycerol mixtures have small
variations in density and elasticity compared to viscosity.

Fluid µf(Pa-s) ρf(kg/m3) vf(m/s) Kf (GPa)

Nitrogen (Pf=7 MPa) 2× 10−5 81 365 1.1×10−2

Nitrogen (Pf=20 MPa) 2× 10−5 219 423 3.9× 10−2

Water (Pf=7 MPa) 0.001 1001 1494 2.2
Water (Pf=20 MPa) 0.001 1007 1515 2.3
60 % Glycerol 0.01 1154 1690 3.3
85 % Glycerol 0.1 1222 1797 3.9
100 % Glycerol 1.4 1261 1854 4.3

Table 3.2: Viscosity, µf , density, ρf , acoustic wave velocity, vf and bulk
modulus Kf of laboratory fluids at 20◦C. Properties for Nitrogen and water
are specified at the experimental fluid pressures of 7 MPa and 20 MPa
(Lemmon et al., 2019). Those for glycerol solutions (60 % glycerol represents
an aqueous solution of glycerol with a concentration of 60 %) are reported
at atmospheric pressure (Beigelbeck et al., 2013), but are not expected to
change significantly with pore pressure due to their incompressibility.

3.2.3 Experimental procedure

The effective pressure acting on the fluid saturated samples is Pe = Pc−βPf ,
where Pc and Pf are confining and fluid pressures, respectively. We assume
the effective stress coefficient, β = 1. For our experimental conditions, lavas
are measured at Pe = 20 MPa, and tuffs at Pe = 1 MPa (Table 3.1). At
hydrostatic pressures, these conditions represent depths of 0.5 km and 1.3 km
for tuffs and lavas, respectively. The lower confining pressure used for the
tuffs is due to its failure onset at ∼ 13 MPa (Heap et al., 2015).

Ultrasonic transducers are used to acquire active surveys through the
saturated samples. A pulse in one transducer triggers an ultrasonic source
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while the remaining sensors act as receivers. The source is varied among
the different transducers, propagating waves across a range of pathways
through the sample (Figure 3.2). Waveform data recorded on the 4 longest
paths through each sample - which are most sensitive to path effects - are
used to estimate P-wave velocity, Vp and quality factor, Qp. Changes in the
frequency spectra of the waveforms due to changing fluids and porosity are
also analysed based on peak frequency, fp and spectral peak width.

A B

Figure 3.2: A) Schematic of the sample inside the axisymmetric triaxial ves-
sel. Axial load is applied via the actuator pump to fracture the dry sample.
Pressurised pore fluids are supplied via the fluid pump. B) Schematic of the
transducer jacket. No sensors are located in slots 6 and 9. The four exper-
imental ray paths between the sensors S1-S19, S2-S20, S3-S17 and S4-S18
are coloured red, blue, green and black, respectively.

For most samples, the source receiver pairs S1-S19, S2-S20, S3-S17 and
S4-S18 (Figure 3.2) define the wave paths studied. Numbers represent the
location of the transducer in the jacket which is constant among experiments.
These path lengths are all 6.5 cm, but sample different sections of the rock.
If the sample is heterogeneous, estimates of wave speeds and attenuation
can vary. Different source-receiver pairs are needed for L1 and T2 as these
samples are shorter and a few transducers recorded poor data quality. For
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lava L1, paths S2-S15 (5.2 cm), S3-S11 (5.0 cm) and S4-S11 (5.0 cm) are
used. For T2, paths S17-S14, S18-S15 and S20-S12, all 4.2 cm length, are
used to sample the intact part of the tuff (Figure 3.1).

P-wave velocities are estimated from travel time picks using a Dynamic
Time Warping (DTW) approach (Durán et al., 2018a). The waveform sam-
pling rate is 1e − 7, resulting in a 0.1 µs resolution of travel times. This
translates to 0.5-1.0 % velocity error. The picking time error is on average
5%, estimated from the limits of possible arrivals times at the waveform on-
set. The propagation distance is defined by the sample jacket geometry and
uncertainty in the path length is assumed not to contribute significantly to
the error in the P-wave speed estimate.

P-wave attenuation is quantified by the quality factor, Qp, calculated
using the spectral ratio method (Toksöz et al., 1979; Saxena et al., 2018).
The amplitude spectrum of a low-attenuation reference sample is compared
to that of the sample of interest. Ideally, direct measurements of the source
signal or a recording through aluminium (Qp ∼ 200000 (Knopoff, 1964;
Toksöz et al., 1979)) should be used as a reference waveform, but these
are not available for our experiment. We therefore use the intact sample
G1 at Pe=40 MPa as our reference waveform. Frozen, fluid-saturated rocks
with an estimated Qp ≥ 100 have been used as the reference sample for the
spectral ratio approach in a previous study (Toksöz et al., 1979). The study
calculates that for a reference material with Qp=100, the resulting error in
Qp of the measured sample is about 10 % relative to the absolute value. If
the reference material has Qp=500, the error in Qp of the measured sample
is ≤ 3 % of the absolute value. As Qp∼250 for granites (Yoon et al., 2012),
but is likely to be greater for high density American Black Granite, we note
that our measurements may overestimate Qp, but expect the results to be
within 3-10 % of absolute values. A detailed description of the spectral ratio
method and its application to our data is given in Appendix C.1.

Even though our reference sample has a conduit, waveform data have
a higher signal-to-noise ratio (SNR) for sample G1 compared to G2. If we
compare waveforms propagated through one high SNR source-receiver path
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A B

Figure 3.3: Comparison of A) aligned, normalised waveforms and B) nor-
malised frequency spectra for waveforms propagated along the path S1-S3
for the intact samples G1 (Pe=40 MPa) and G2 (no conduit, Pe=1 MPa).

(S1-S3) in samples G1 and G2, the presence of the conduit does not signif-
icantly affect the waveform spectra (Figure 3.3). Moreover, P-wave arrival
times for samples G1 and G2 in the same path are within 0.1 µs, showing
that wave velocities are also unaffected by the presence of the conduit. Given
that the ultrasonic wavelength is of the same order as the conduit diameter
(3 mm), these observations could be due to wavefront healing (Hung et al.,
2001), where diffractions from the conduit cause a reduction in the observed
delay time.

3.2.4 Attenuation modelling

Elastic wave attenuation is a result of both intrinsic and scattering losses.
Wave energy is scattered at impedence contrast boundaries associated with
rock heterogeneities, such as fractures, minerals/clasts and layering (Sato
et al., 2002). In fluid saturated rocks, intrinsic attenuation is caused by the
movement of pore fluids in response to fluid pressure gradients induced by
the passing waves (Müller et al., 2010). Two of the most common mechanisms
that describe intrinsic losses are Biot and squirt flow. Biot flow operates at
wavelength scale and accounts for visco-inertial effects caused by coupling
between the rock frame and the saturating fluid (Biot, 1956a,b). Squirt flow
occurs at grain-size scales and accounts for viscous losses when fluids are



Methods 67

squeezed out of compliant pore/fracture space into stiffer pores (Mavko and
Jizba, 2015; O’Connell and Budiansky, 1977) and/or between liquid and
compliant gas pockets (Dvorkin and Nur, 1993; Dvorkin et al., 1994). For
porous/cracked rocks, the squirt mechanism generally predicts higher and
more realistic attenuation than is the case with the Biot mechanism (Dvorkin
and Nur, 1993). A limitation of many squirt flow models is the dependence of
dispersion and attenuation on micro-structural properties that are difficult
to constrain (Winkler and Murphy, 1995; Sarout et al., 2017a). The unified
Biot and squirt flow (BISQ) model (Dvorkin et al., 1994, 1995) accounts
for attenuation and dispersion by both mechanisms but the effect of each
can be isolated by implementing the proper equations (Dvorkin et al., 1994)
(Appendix C.2.1). The BISQ model assumes that all the compliant micro-
cracks are closed and applies to rocks which are fully saturated with a small
volume of compressible gas.

In this study we utilise the BISQ equations (Dvorkin et al., 1994) to iso-
late the Biot and squirt components of attenuation to determine the dom-
inant attenuation mechanism and attempt scaling of experimental results
to field frequencies. Because our permeability data are only obtained pre-
deformation, we restrict the modelling to the intact tuff sample T2. For this
sample, the BISQ input parameters are generally well constrained (Table C.1
in Appendix C.2.2). The dry rock moduli are calculated from bench-top P-
and S-wave velocity measurements (Appendix C.2.2 - equation (C.17)). Only
two parameters are poorly constrained; the tortuosity, α and the squirt flow
parameter, R. Based on Stoll (1974), we assume the tuff can be represented
by a coarse-grained sand with α=1.25. Because R can take a wide range of
values (Marketos and Best, 2010), we run squirt simulations for three val-
ues of R relative to the average grain size of tuff T2 (0.3 mm), determined
from a high resolution scan of the sample (Appendix C.2.3 - Figure C.2);
R=0.3 mm (grain size), R=3 mm (10×grain size) and R=30 mm (100×grain
size).
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3.3 Results

3.3.1 P-wave velocities

Figure 3.4 summarises the estimated P-wave velocity as a function of sat-
urating fluid and propagation path at the pressure conditions defined in
Table 3.1. Vp has a positive correlation to fluid bulk modulus and viscosity
for all samples (see Table 3.2). The fractured ‘lava’ samples show significant
wave velocity variations (up to 14 %) with the propagation path, while only
small velocity variations are observed in the tuffs. Figure 3.5 shows the ef-
fect of fracturing, lithology and saturating fluids on Vp. Regardless of the
amount of fracturing or the saturating fluid, the ‘lavas’ have higher P-wave
speeds than the tuffs (Figure 3.5A). P-wave velocities averaged across all
fluids range from 4639 m/s (L1) to 5876 m/s (G2) in ‘lavas’ and 2403 -
2433 m/s in tuffs. Figure 3.5B shows that the substitution of nitrogen by a
stiffer and higher viscosity fluid (glycerol) increases the P-wave velocity by
67 % (T1) and 44 % (T2) in tuffs, while for the lava analogues, wave speeds
increase between 16 % and 24 %. Figures 3.4 and 3.5B suggest that wave
velocity may not be a discriminator between water and glycerol mixtures in
some fractured lavas.
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Figure 3.4: P-wave velocity, Vp, versus saturating fluid for all paths mea-
sured through each sample. Colours correspond to the different wave paths
presented in the bottom right panel, although unique paths are used for
samples L1 and T2. Error bars represent 5 % error.

A B

Figure 3.5: A) The effect of fracture porosity, φf , on average P-wave velocity,
Vp. Ash tuff samples are colour-coded red and ‘lavas’ are black. The velocities
displayed are averaged over wave paths and across all saturating fluids. Error
bars therefore represent the standard deviation in the mean velocity across
all fluids. B) P-wave velocity changes (averaged across paths) as a function
of saturating fluid and lithology. These changes are estimated with respect
to the nitrogen-saturated wave speed for each rock type. Error bars here
represent the standard deviation of wave speeds across paths.
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3.3.2 P-wave attenuation

Figure 3.6 presents the estimated P-wave quality factor as a function of sat-
urating fluid and propagation path. In general, Qp correlates with increasing
saturating fluid viscosity and bulk modulus. The exception is sample G1,
where although Qp does increase from nitrogen to any other fluid, there is
no obvious trend in Qp as the saturating fluid changes between water and/or
glycerol mixtures. The fractured ‘lava’ samples show up to 71 % variation
in Qp due to propagation path, while much smaller variations are observed
in the less fractured tuffs.

Figure 3.7 shows the effect of fracturing, lithology and saturating fluids
on Qp. Within both ‘lava’ and tuff samples, Qp inversely correlates with the
fracture porosity (Figure 3.7A). There is also a relationship between lithol-
ogy and Qp, as tuffs with a low amount of fracturing generally display a lower
Qp than lavas with a higher fracture porosity. For example T1 (φf=1.3 %)
has a lower average Qp than L1 (φf=5.1 %). This is likely due to the much
higher matrix (or total) porosity of the tuff samples in comparison to the
‘lavas’ (Table 3.1).

Figure 3.7B shows that the substitution of nitrogen to a stiffer and higher
viscosity fluid (glycerol) increases the P-wave quality factor by 232 % (T1)
and 383 % (T2) in tuffs and 143-296 % in lavas. Figure 3.6 shows that while
Qp is sensitive to any change in pore fluid along some wave propagation
paths, it may be insensitive to changes in pore fluid between water and the
three glycerol mixtures along other paths, even in the same sample.
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Figure 3.6: P-wave quality factor, Qp, versus saturating fluid for all wave
propagation paths through each of the five experimental samples. Colours
correspond to the different wave paths presented in the bottom right panel,
although unique paths are used for samples L1 and T2.

A B

Figure 3.7: A) The effect of fracture porosity, φf , on average P-wave qual-
ity factor, Qp. Ash tuff samples are colour-coded red and ‘lavas’ are black.
Quality factors displayed are averaged over wave paths and across all flu-
ids. Error bars represent the standard deviation in the mean quality factor
across all fluids. B) P-wave quality factor changes (averaged across paths)
as a function of saturating fluid and lithology. These changes are estimated
with respect to the nitrogen-saturated quality factor for each rock type. Er-
ror bars represent the standard deviation in the mean relative quality factor
across paths.
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3.3.3 Frequency and waveform analysis

Although the relationship between spectral amplitude and frequency is par-
tially captured in the quality factor, further analysis of peak frequencies and
spectral peak widths provide additional insight into how wave attenuation
affects waveform signals. Spectral analysis is particularly important from the
perspective of monitoring time-lapse seismic waveform changes at volcanoes
- which may result from changes in fluids - as these signals are often defined
by their frequency content (Buurman and West, 2010).

Peak spectral frequencies, fp are obtained from Power Spectral Densities
(PSD) on isolated direct P-wave arrivals. fp correlates with increasing viscos-
ity and bulk modulus of the saturating fluid and typically shows only small
variations due to wave propagation path (Figure 3.8). A notable exception
to this is for the nitrogen saturated T1, where differences in fp across paths
may be due to measurement error, caused by a low signal to noise ratio in
the propagated pulses through this medium. Figure 3.9 shows the effect of
fracturing, lithology and saturating fluids on the peak spectral frequency.
While fp inversely correlates with fracture porosity in both lava and tuff
samples, tuffs are characterised by generally lower peak frequencies than
lava when fracturing is accounted for (Figure 3.9A). Substituting nitrogen
with a stiffer and higher viscosity fluid (glycerol) increases fp by 97 % (T1)
and 47 % (T2) in tuffs and 11-34 % in ‘lavas’ (Figure 3.9B). Figures 3.8
and 3.9B shows that fp is sensitive to a fluid substitution from water to
glycerol in most samples (with the exception of G1 and T2) but cannot
differentiate between the glycerol mixtures.

Figure 3.10 displays (isolated) direct P-waves and their associated fre-
quency spectra for three of the samples: G1, L1 and T1. Both waveform
amplitude and frequency content increase with fluid bulk modulus and vis-
cosity. Waveforms acquired through water- and glycerol-saturated samples
have clean, impulsive (sharp) onsets. However, when rocks are saturated
with nitrogen, the waveform is emergent, of low frequency, while at the same
time having narrower spectral width (measured at half the peak magnitude)
compared to the other saturating fluids. For tuff T1, the amplitude of the
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Figure 3.8: P-wave peak spectral frequency, fp, versus saturating fluid for
all wave propagation paths through each of the five experimental samples.
Colours correspond to the different wave paths presented in the bottom right
panel, although unique paths are used for samples L1 and T2.

A B

Figure 3.9: A) The effect of fracture porosity, φf , on average P-wave peak
spectral frequency, fp. Ash tuff samples are colour-coded red and ‘lavas’ are
black. The frequencies displayed are averaged over wave paths and across all
fluids. Error bars represent the standard deviation in the mean peak spec-
tral frequency across all fluids. B) P-wave peak spectral frequency changes
(averaged across paths) as a function of saturating fluid and lithology. These
changes are estimated with respect to the nitrogen-saturated peak frequency
for each rock type. Error bars represent the standard deviation in the mean
relative peak frequency across paths.
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P-wave is close to the noise level, resulting in low frequency noise in the
PSD. Comparing the frequency spectra of lavas (Figure 3.10A and B) with
tuff (Figure 3.10C) shows a shift towards lower frequencies and an increase
in separation between spectra for different fluids.

B - L1

C - T1

A - G1

Figure 3.10: Ultrasonic P-wave arrivals (left), normalised Power Spectral
Densities (PSD) (mid) and spectral peak width (right) measured at half of
the peak spectral amplitude taken for set of saturating fluids in samples A)
G1 (path:S1-S19), B) L1 (path:S4-S11) and C) T1 (path:S1-S19)
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3.3.4 Modelling of P-wave attenuation

We separately model Biot and squirt flow mechanisms to better understand
the effect of variable fluid viscosities on wave velocity and attenuation. As
spectral ratios were typically calculated over 100-600 kHz dependent upon
amplitude spectra (Appendix C.1.2), we present here the models at a fre-
quency of 350 kHz, which sits at the centre of this range. We compare
the results of the models to our experimental dataset in Figure 3.11. The
frequency dependence of wave speeds and attenuation, from seismic to ul-
trasonic frequencies is presented in Section 3.4.2.
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Figure 3.11: Experimental and modelled (Biot and squirt) P-wave attenu-
ation (1000/Qp) (A) and velocities, Vp (B) for tuff T2 for the experimen-
tal fluids. Three squirt models are shown for R =0.3 mm, R =3 mm and
R=30 mm. No experimental data were collected when the saturating fluid
was 85 % glycerol in sample T2.

Biot flow mechanism

Modelling the viscoelastic behaviour of tuff T2 using the Biot expressions
from the BISQ model (Appendix C.2.1) under-predicts the measured at-
tenuation for all saturating fluids, especially the viscous glycerol mixtures
(Figure 3.11A). Modelled attenuation (1000/Qp) for nitrogen and water is
∼2.5 which corresponds to a Qp of 400, significantly higher than our ex-
perimental Qps of 17 (nitrogen) and 33 (water). For the glycerol mixtures,
the Biot model predicts negligible attenuation with Qp > 105, again much
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higher than our experimental observations. The Biot predicted P-wave veloc-
ities agree with experimental data for nitrogen, but slightly underestimate
Vp for other fluids. The misfit between model and data increases with fluid
viscosity and bulk modulus (Figure 3.11B).

Squirt flow mechanism

The BISQ squirt model (Appendix C.2.1) better matches our experimental
attenuation data than the Biot model (Figure 3.11A). The modelled at-
tenuation closely matches experimental data for water and 60 % glycerol
saturated tuff for a squirt flow length (R) of 30 mm. The results of BISQ
also agree with the measured attenuation for 100 % glycerol when R=3 mm.
However, the squirt model significantly under-predicts the observed atten-
uation for a nitrogen saturated tuff for all values of R. Squirt estimates of
P-wave velocity increase with fluid stiffness and viscosity and match our
experimental values similarly to Biot when R=30 mm (Figure 3.11(A)). For
glycerol, the predicted wave speed is equivalent for squirt flow lengths of
3 mm and 30 mm.

3.4 Discussion

3.4.1 P-wave velocity, attenuation and waveform

frequency

Pore fluid type

Fluid types and mixtures in volcanic settings are important, because they
affect the attenuation and speed of seismic waves. Our ultrasonic data show
that P-wave velocity, quality factor, and peak spectral frequency correlate
positively with the viscosity and bulk modulus of saturating fluids (Fig-
ure 3.5B, Figure 3.7B, Figure 3.9B). In shallow (Pe = 1 MPa) ash tuffs,
a change in fluid from nitrogen to glycerol increases Vp by up to 67 %,
Qp by 383 % and fp by 59 %. By comparison, Vp is much less sensitive to
fluid changes in deeper (Pe = 20 MPa), fractured ‘lavas’. Fluid substitution
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from nitrogen to water in ‘lavas’ changes Vp by 10-14 % and Qp by 32-149 %.
Substitution of water to glycerol mixtures in fractured ‘lavas’ results in mi-
nor variations in Vp (Figure 3.4), but Qp along certain propagation paths
(Figure 3.6) can be used to discriminate these liquids.

Gassmann’s equation predicts that an increase in the bulk modulus of
the saturating fluid increases the effective bulk modulus of the saturated
rock (Gassmann, 1951). P-wave velocity is proportional to the square root
of the bulk modulus of the rock and inversely proportional to the square
root of density. For our fluids, the rock’s bulk modulus is more sensitive
to the fluid than its density. Therefore, it is observed that Vp increases as
saturating fluids become stiffer (i.e. increasing bulk moduli). The rock’s
shear modulus should be insensitive to the saturating fluid according to
the isotropic wave speed equation (Gassmann, 1951; Winkler and Murphy,
1995). However, experiments on glycerol-saturated rocks in which the fluid
viscosity is controlled by temperature, present P- and S-wave velocities (and
therefore the effective shear modulus of the saturated rock) to increase with
fluid viscosity (Batzle et al., 2001; Nur and Simmons, 1969). As S-wave
velocities were not measured in these experiments, we are unable to validate
this effect in our data, but acknowledge that it may be significant.

Lithology and porosity

Although rock mineralogy can influence wave speed and attenuation, our
tuffs and ‘lavas’ are essentially differentiated on the basis of their matrix
porosity (φi in Table 3.1). The first order effect is that P-wave velocity,
quality factor and peak spectral frequency decrease with increasing matrix
porosity. P-wave velocity is able to distinguish samples by rock type (Fig-
ure 3.5A), regardless of the saturating fluid or fracturing, while the quality
factor (Figure 3.7A) and peak frequency (Figure 3.9A)) are less sensitive to
the lithology/matrix porosity within our errors. A second observation is that
Vp and Qp sensitivity to fluid type is also driven by porosity. Tuffs are the
most porous rock in volcanic environments and show the greatest sensitivity
to fluids, as discussed in the previous section.
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Previous ultrasonic experiments have investigated wave speeds and at-
tenuation on volcanic tuffs and lavas. Heap et al. (2015) also observe a clear
distinction in P-wave velocities between White Island tuffs and lavas. Their
measurements, performed on dry rocks at benchtop conditions find Vp in
high porosity (28 - 47 %) ash tuffs to range from 1.2 - 1.6 km/s, compared
to 4.6 - 5.0 km/s in low porosity (2 - 8 %) lavas. Our tuffs (43 % porosity)
have higher benchtop velocities (1.9 km/s), highlighting the variability in
these rocks at White Island, while our fluid saturated, pressurised measure-
ments are more representative of subsurface conditions where pore fluids
are ubiquitous and span a range of viscosities. We find Vp in tuffs to range
from 1.7 km/s when saturated with nitrogen, to 2.8 km/s when saturated
with glycerol. Vp in lava L1 (5.8 % total porosity), varies from an average
of 4 km/s when nitrogen saturated to 5 km/s when saturated with glycerol,
which is close to the dry values documented by Heap et al. (2015). We note
that measurements in dry rocks are not equivalent to gas-saturated rocks as
only pressurised gas can exert a fluid pressure in the pore space of a rock.

Quality factor measurements on dry (Pe=0 - 60 MPa) and brine (Pe=0-
45 MPa) saturated volcanic and pyroclastic rocks from Campi Flegrei and
Mt Etna Volcanoes (Vanorio et al., 2002) show that lavas and welded ign-
imbrites with porosities in the range 2 - 16 % (without macroscopic fractures)
have P-wave quality factors varying from 10 - 100. Such values are in general
agreement with our fluid saturated data from the lava-like samples. Higher
porosity (∼ 38 - 51 %), dry zeolitized tuff and ignimbrite samples have lower
and less variable quality factors of 4 - 12, which are nearly independent of
effective pressure. These results agree with our estimates of Qp in nitrogen
saturated tuff T1, but are lower than our estimated Qp for water and glycerol
saturated fluids. This might be because the presence of water and glycerol
reduces scattering attenuation relative to the dry and gas saturated case.
This will be discussed later in the Discussion.

It should be noted, that our experiments are conducted on a relatively
small sample of volcanic rocks, which can be highly variable in terms of phys-
ical properties. Therefore, in extrapolating the results of these experiments
to the field, some of this variability may be missed. One possible example is
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the impact of Breccia facies on propagated seismic waves. Vp through these
rocks will be dependant upon both the clast and matrix composition and
density and may be expected to vary across the range measured in these
experiments. Qp would be expected to be low due to scattering from clasts,
but this again is dependent upon clast size and density and would be diffi-
cult to separate from other sources of attenuation such as fracturing. Having
said this, by focusing on rocks with matrix porosities that are at the very
low and high ends of the porosity spectrum (φi= <1 % - 43 %), we hope to
account for the full range of porosities found in volcanic rocks.

Fractures

It is not only the amount of porosity, but also the pore shape - in particular
the presence of fractures - that affects Qp and Vp (Winkler and Murphy,
1995). Within lava and tuff lithologies, the P-wave quality factor and peak
spectral frequency inversely correlate with the fracture porosity (φf ) (Fig-
ure 3.7A and Figure 3.9A). In fact, across samples the amount of fracturing
appears to represent a dominant control on Qp. Comparison of Qp in the
intact and fractured tuff samples, shows that even a very small amount of
fracturing (φf=1.3 %), has a strong effect on Qp for all saturating fluids.
This relationship between attenuation and fracturing is well established.
Wulff et al. (1999) for example, show that the measured attenuation in-
creases with fracture density, during rock deformation in dry sandstone and
granite.

P-wave velocity is known to be sensitive to fractures, with many studies
showing decreasing Vp during rock failure (Rao and Kusunose, 1995; Benson
et al., 2007; Wulff et al., 1999). This relationship is not observed in the
lava analogue samples in this study. This could be because 1) the different
mineralogy between granite (G1, G2) and andesitic lava (L1) affects Vp and
2) wavefront healing due to diffractions from the conduit is not as efficient
in fractured G1, as when the sample was intact. This causes the measured
Vp to reduce in sample G1 (with conduit) compared to G2 (which has no
conduit).



80 The Influence of Fluid Type on Wave Speed and Attenuation

The variations in Vp and Qp for different wave-paths through each sample
are likely indicative of heterogeneity, primarily due to fracturing. Indeed,
the samples which are most heavily fractured tend to show the greatest
variation in velocities and attenuation over the measured wave paths, with
Qp being significantly more sensitive to the heterogeneity than Vp. In sample
G2 (φf=9.0 %), Vp and Qp variations along different paths are as large as
14 % and 61 % respectively, while in the intact tuff T2 (φf=0 %), they are
limited to 5 % and 24 %.

Effective pressure

One aim of these experiments is to explore how wave speed and attenua-
tion vary in both shallow, porous tuff deposits and deeper, fractured lavas.
As such, the tuff samples were measured under significantly lower effective
pressure conditions, reflecting their shallow recovery depth (∼500 m). Wave
velocities are well known to increase and attenuation decrease in response
to increasing effective pressure (Winkler and Murphy, 1995). This is because
the porosity change associated with the closure of large aspect ratio fractures
tends to increase the effective bulk modulus. However, effective pressure has
less influence on stiffer, spherical/equant pores, such as that found in porous
tuffs, than crack-like pores or fractures (Shapiro and Kaselow, 2005). This
suggests that despite the different effective pressures applied to the two rock
types, the first order conclusions with respect to porosity - that P-wave ve-
locity, quality factor and peak spectral frequency decrease with increasing
matrix porosity - are justified.

Measuring wave speed and attenuation in the tuff samples at low ef-
fective pressure conditions is particularly important, as high stresses may
completely alter the character of the rock. Compactant failure/pore col-
lapse of a companion tuff sample occurred during preliminary experiments
at Pe = 13 MPa and has been documented in experiments on similar White
Island tuffs (Heap et al., 2015). Acoustic emission locations indicated failure
over a narrow band, suggesting that pore collapse in these rocks can oc-
cur over local compaction bands (Fortin et al., 2006) and that tuff deposits
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at depth may be significantly less porous and permeable than those in the
upper kilometre.

3.4.2 Attenuation modelling and scaling

The relation between wave velocity dispersion and attenuation is described
by Kramers-Kronig relations. Several studies (e.g. Adam et al. (2009); Adam
and Otheim (2013); McCann and Sothcott (2009); Adelinet et al. (2010);
Pimienta et al. (2015); Delle piane et al. (2014)) have measured these pa-
rameters across a range of frequencies to test rock physics models which de-
scribe the underlying fluid-rock mechanisms. However, defining an explicit
relation between the changes in ultrasonic and seismic P-wave velocity and
attenuation is difficult due to the inherent frequency dependence of fluid and
solid properties (Batzle et al., 2001, 2014). The scaling of ultrasonic elastic
data to seismic frequencies is challenging and should be complimented with
field-scale observations and modelling analysis.

Modelling of wave velocities in tuff T2 using Biot and squirt (R=30)
models predicts our data similarly well: wave speeds increase as fluids get
stiffer and more viscous (Figure 3.11). In absolute terms, there is a good
match between model and data for nitrogen, but both models slightly under-
predict Vp for the other fluids, with the mismatch increasing with viscosity.
To model BISQ we input the constant dry rock uniaxial strain, shear and
bulk moduli,Mdry, Gdry and Kdry (Appendix C.2.2 - Equation (C.17)). Mar-
ketos and Best (2010) applied the BISQ model to ultrasonic results on fluid
saturated sandstones and found that their data was best-fit when Mdry was
variable and increased with fluid viscosity. They attribute this to increas-
ing viscosity causing an increase in ‘apparent’ frequency, which causes pore
fluids to become trapped in compliant pore space, stiffening the rock. This
effect could explain why the errors between our models and Vp increase with
fluid viscosity.

Modelling of P-wave attenuation (Figure 3.11) shows that squirt flow
models the observed attenuation much better than Biot, predicting the over-
all trend of decreasing attenuation with stiffer and more viscous fluids for
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water and glycerol mixtures when R=3-30 mm. The squirt-flow model gives
a good absolute match to the attenuation data for water and 60 % glycerol
when R=30, but it gives the best match for 100 % glycerol when R=3. This
suggests R may decrease with increasing viscosity. Although the BISQ the-
ory defines R as a constant parameter of the rock structure (Dvorkin et al.,
1994), this dependence of R with pore fluid viscosity has also been observed
by Marketos and Best (2010).

Both Biot and squirt models - separately and in combination - signif-
icantly underestimate the observed attenuation for the nitrogen saturated
tuff. Attenuation in this case must therefore be dominated by a different
mechanism, most likely wave scattering. Waves scatter between rock het-
erogeneities with impedance contrasts. Unlike intrinsic attenuation where
wave energy is converted to heat, scattered wave energy is redistributed,
away from receivers (Sato et al., 2002). Scattering contributes to the to-
tal attenuation measured from direct seismic waves, but may be separated
from intrinsic attenuation using techniques such as radiative transfer theory
(Haney et al., 2005; Durán et al., 2018b). While fractures may be the cause
of scattering in the other samples, scattering in the unfractured Tuff T2 is
likely from the grains themselves, which have an average grain size that is
approximately 1/10 of the wavelength.

The impedance contrast, Z in a fluid-filled fracture, is defined by:

Z = Vrρr/Vfρf , (3.1)

where Vr,Vf are the P-wave velocities and ρr, ρf are the densities of the
rock matrix and fluid respectively (Morrissey and Chouet, 2001). Nitrogen
has a significantly higher impedance contrast with the solid rock than any
other fluid we tested. Therefore, scattering is likely to be greatest in this
case, which may explain the high attenuation recorded. This is supported
by observation of PSDs taken over 60 µs signals (Appendix C.3 - Figure C.3),
which show that in fractured samples and particularly when nitrogen is the
pore fluid, spurious low frequency modes appear that are not observed in the
source waveform. This is likely because low frequency energy is preferentially
transmitted through the sample, while high frequency energy is scattered.
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Figure 3.12 shows the results of Biot and squirt modelling of velocity and
attenuation across a wide frequency range, including the seismic and ultra-
sonic domains. Attenuation in both models is defined by a low frequency
regime in which fluids that occupy pore space are in a relaxed state and
a high frequency regime in which they are unrelaxed. Attenuation is max-
imum at the cut-off frequency separating these two regimes (Mavko et al.,
2009). For the Biot model, the cut-off frequency is proportional to fluid vis-
cosity and therefore the attenuation curve moves to higher frequency with
increasing viscosity, while for squirt flow the attenuation curve is seen to
move towards lower frequencies with increasing viscosity.
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Figure 3.12: Biot models of attenuation (A) and velocity (B) as a function of
frequency and fluid saturation for tuff T2. BISQ squirt models of attenuation
(C) and velocity (D) as a function of frequency and fluid saturation for
R=30 mm in tuff T2. The vertical, dashed line at 350 kHz represents the
frequency of our ultrasonic waveform data.
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At frequencies associated with volcano seismicity (0-20 Hz) the Biot
model is in the low frequency regime for all pore fluids and attenuation and
dispersion are negligible. The BISQ squirt model is also in the low frequency
regime for all fluids with the exception of glycerol, however unlike Biot the-
ory, BISQ is inconsistent with Gassmann’s equations (Gassmann, 1951) in
the low frequency limit and so cannot be used for scaling purposes here
(Dvorkin and Nur, 1993). On the other hand, the BISQ model is in the high
frequency regime at seismic frequencies when glycerol is the pore fluid and
scaling is valid in this case. Therefore Figure 3.12C predicts that although
high viscosity pore fluid causes low attenuation at ultrasonic frequencies,
seismic waves that propagate through rocks saturated with viscous, magma
melt or magmatic brines may be strongly attenuated as 1000/Qp=180-250,
which corresponds to quality factors in the range of 4-6.

Scaling scattering attenuation to seismic frequencies is difficult as both
the scale of heterogeneities and the scale of the wavelength are not consis-
tent with ultrasonic measurements. A 0.3 mm grain for example is much
smaller than the seismic wavelength and would not cause scattering, how-
ever in-situ fractures are common scatterers at volcanoes (De Siena et al.,
2010). In these experiments the highest overall attenuation (lowest Qp) is
measured in the gas saturated samples. Observations from sonic waveforms
propagated through sandstone gas reservoirs of porosity 12 % show high P-
wave attenuation (Qp in the range 5-10) (Klimentos, 2002) consistent with
our own results.

For lava and tuff samples saturated with water and glycerol mixtures,
the average quality factor varies from 13-80. These values are consistent
with attenuation measured in hydrothermal settings. The average quality
factor in the Cosco geothermal area, California is approximately 49, with
lower quality factors ∼36 associated with areas containing hydrothermal
fluids (Wu and Lees, 1996). Meanwhile, at Yellowstone caldera, Wyoming,
quality factors of <30 are recorded at less than 2 km depth, while quality
factors in the range 40-70 are recorded deeper in the volcano (Clawson et al.,
1989). These zones of high attenuation are linked to Yellowstone’s active
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hydrothermal system, with quality factors outside the caldera being much
higher (>200).

3.4.3 Implications for seismic tomography

Volcano tomography uses velocity and attenuation to infer the internal struc-
ture of volcanoes. A primary aim is to identify and delineate areas associated
with the accumulation or transportation of magma and/or hydrothermal flu-
ids (Vanorio et al., 2005). Time-lapse techniques take this a step further and
allow monitoring of the evolution of these areas in terms of spatial and phys-
ical properties (Gunasekera et al., 2003). Ideally both P- and S-wave prop-
erties are utilised, allowing areas of fluid saturation or magma accumulation
to be more accurately constrained. However in the absence of 3 component
seismometers, Qp and Vp alone are used (De Gori et al., 2005). A key prob-
lem is that Qp and Vp (and Qs, Vs) are sensitive to a number of different
rock and fluid physical properties, making the underlying processes more
difficult to constrain. Typically, low-Vp:low-Qp zones are related to magma
melt and high-Vp:high-Qp to cooled, stiffer intrusions (Lees, 2007).

The data reported here help constrain rock and fluid properties from Vp

and Qp measurements. Table 3.3 summarises the effects of matrix porosity,
φi, fracture porosity, φf and the combined viscosity and bulk modulus, µ*K
on Vp:Qp. For a high-Vp:high-Qp or low-Vp:low-Qp, all parameters (φi, φf ,
µ*K) contribute to the same effect for Vp and Qp respectively. However
for high-Vp:low-Qp and low-Vp:high-Qp cases, the parameters have different
effects and an assessment of the dominant controls are necessary. From our
experiments we conclude that the dominant control on Vp is matrix porosity,
while fracturing and fluid properties have greater influence on Qp.

Our data suggest that low-Vp:low-Qp anomalies are associated with high
porosity, fractured lithologies, coincident with hydrothermal (or magmatic
plumbing) systems, where gases are present. High porosity tuff layers are
often inter-bedded with less permeable lavas which may act as fluid barriers
(Heap et al., 2015) and allow fluid saturation and overpressure to occur.
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φi φf µ ∗K
High-Vp:High-Qp low low high
High-Vp:Low-Qp low high low
Low-Vp:High-Qp high low high
Low-Vp:Low-Qp high high low

Table 3.3: Summary interpretation on how matrix porosity, φi, fracture
porosity, φf and combined pore fluid viscosity and bulk modulus, µ ∗ K
manifest as Vp:Qp anomalies based on our experimental data.

These geological strata appear to be prime candidates for low-Vp:low-Qp

anomalies.

Although the experiments presented in this work investigate single-phase
fluids, multi-phase fluids are common in volcanic settings. The presence of
even small proportions of gas can dramatically lower the acoustic velocity of
a fluid (Kieffer, 1977), as compressibility decreases much more rapidly than
density with increasing gas content (Jolly et al., 2012b). A number of previ-
ous experiments show that both compressional wave velocity and attenua-
tion vary with partial water saturation over a range of rocks and frequencies
(Murphy, 1984; Knight et al., 1998; Batzle et al., 2006; Amalokwu et al.,
2014). Knight et al. (1998) shows that during drying of a water-saturated
carbonate, the lowest Vp is recorded at ∼10 % and 40 % gas saturation for
measurement frequencies of 1 kHz and 100 kHz respectively and that these
minimum Vp values are relatively close to Vp for full gas saturation. Numer-
ical modelling (Müller et al., 2008; Helle et al., 2003) also suggests that less
than 10 % gas saturation can decrease wave velocities to those of 100 % gas
saturated rocks, as well as result in the highest wave attenuation across the
saturation range. At ultrasonic frequencies, Amalokwu et al. (2014) quan-
tify the total attenuation in partially saturated synthetic sandstones, finding
that P-wave attenuation is maximum (Qp ∼10) at 40 % water saturation
and are able to attribute this to intrinsic attenuation mechanisms in both
fractured and unfractured rocks. Meanwhile Murphy (1984) shows that the
highest attenuation, recorded at 5 kHz in tight sandstones occurs at ∼80 %
water-saturation; with attenuation at 100 % water-saturation being signif-
icantly (30 %) lower. These observations suggest that the low attenuation
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and low velocity measurements when nitrogen is the saturating fluid, might
be relevant for interpreting rocks saturated with gas-charged water or brines,
or with fractures/conduits containing gas-charged magma.

Low-Vp:low-Qp tomographic anomalies, have often been attributed to
magma melt (Lees, 2007) supported by evidence from laboratory experi-
ments (Murase and McBirney, 1973). Separating areas of gas (or bubbly liq-
uid) saturated lithologies from those of melt would require the acquisition
and analysis of S-wave parameters and should always include an assessment
of the volcano geology. Partial melting of rock results in reductions in both
Vp and Vs, but Vs decreases more strongly, with Vp/Vs approaching infinity
as melting occurs (Mizutani and Kanamori, 1964). Meanwhile, ultrasonic
experiments on basalts (Adam and Otheim, 2013) suggest that Vp/Vs ratios
due to gas (carbon dioxide) saturation are consistent with those measured
in dry rock, which is easily (and commonly) measured in rock physics lab-
oratories. Therefore, although both melt and gas bearing lithologies may
be characterised as low-Vp:low-Qp tomographic anomalies, melt is likely to
exhibit anomalously high Vp/Vs ratios. This can be used to differentiate
between the two cases.

A volcano tomography study at Mammoth Mountain, Long Valley
Caldera, California (Julian et al., 1998a) shows good agreement with our
results. A strong negative Vp/Vs anomaly of 9 % was observed under areas
of dead trees, killed by outgassing of large volumes of carbon dioxide. The
anomaly extended from the surface to a minimum depth of 1 km, had a shape
consistent with that of up-welling fluid and was interpreted as a reservoir of
gas. It was also suggested that this anomaly was associated with a deeper
(>2 km) low-Vp/Vs:low-Qp anomaly, identified in a regional study of the area
(Sanders et al., 1995). Assuming that the Vp/Vs anomaly was predominantly
a result of changing Vp, then our results support that this anomaly could be
caused by gas saturation in otherwise water, brine or magma bearing lavas,
caused by the degassing of a magmatic source at depth.

Our results suggest that seismic wave speed, attenuation and spectral
frequency analysis are sensitive tools to monitor volcano degassing or out-
gassing in any type of rock. For fractured lavas, substitution among viscous
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fluids such as water and magma might be best resolved with changes in
P-wave attenuation than wave velocities.

Our experimental results might also be able to contribute to new in-
terpretations from past field studies. De Landro et al. (2017) report on a
3D, ultra-high resolution seismic P-wave velocity tomography study of Sol-
fatara crater at Campi Flegrei Volcano, Italy. The tomography results are
complemented with resistivity, temperature and carbon dioxide flux data
to delineate geological structure and identify fluid composition and move-
ment in the upper 30 m of the crater. Four distinct zones are identified in
the velocity model. A very low velocity (<700 m/s) zone extends from the
surface to 14 m depth and is interpreted as unconsolidated tephra. Two in-
termediate zones, which deepen towards the southwest are of low resistivity
and have seismic velocities in the range 700-1200 m/s. These are interpreted
as permeable rocks saturated with mineralised liquids. The deepest zone is
characterised by a high velocity (1500-1800 m/s) anomaly and intermediate
resistivity and is interpreted to represent a trapped gas reservoir. The spe-
cific velocities associated with this high velocity zone, are in good agreement
with our experimental measurements for nitrogen saturated, White Island
ash tuff. However, we would not expect seismic velocities to be lower in a gas-
saturated volume, than a liquid saturated volume of the same country rock.
Therefore, an alternative explanation for this anomaly might be a change
in the physical properties of the rock itself. This could have been caused by
a depositional change during previous eruptive sequences, or perhaps a loss
of porosity caused by a change in consolidation or hydrothermal alteration
(e.g. Pola et al. (2012)).

3.4.4 Implications for volcano seismicity

This study has several important implications for better utilising volcano
seismicity in hazard monitoring. A recent publication by Caudron et al.
(2019) supports our experimental findings that seismic frequency content
(and attenuation) are an excellent tool to monitor volcanic degassing. The
authors use changes in the spectral frequency content of continuous volcanic
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tremor to retrospectively forecast gas-driven eruptions. They monitor the
Displacement Seismic Amplitude Ratio (DSAR) - i.e. the ratio of seismic
amplitudes in the low frequency band 4.5-8 Hz to the high frequency band
8-16 Hz - in the approach to recent gas-driven eruptions at Kawah Ijen
volcano, Indonesia and Ruapehu and Tongariro volcanoes in New Zealand.
In all cases they find that gas-driven eruptions occur at peaks in the DSAR
measurement, following long scale increases over time frames of months to
years. The increases in DSAR are linked to gas accumulation and subsequent
pore pressure increase in the shallow volcanic edifice, caused for example by
the development of a hydrothermal seal (Christenson et al., 2017). This
causes increased signal attenuation and a shift to lower spectral frequencies,
as waveforms propagate from source to receiver. These methods represent
a powerful technique to predict dangerous gas-driven eruptions, for which
other clear indicators are often absent (Caudron et al., 2019).

Our experiments also suggest that gas-saturation can significantly change
the character of propagating seismic waves. In nitrogen-saturated, porous
and fractured samples (e.g. T1), P-wave arrivals of propagated waveforms
are strongly reduced in amplitude and have emergent onsets. Their fre-
quency spectra contain markedly lower frequencies and narrower spectral
peak widths compared to other fluids (Figure 3.10). These same features
are synonymous with LP - as opposed to VT - seismicity in the field (Miller
et al., 1998).

It has been suggested that some apparent LP and hybrid events may
result from a mechanical source in conjunction with path effects (Bean et al.,
2014; Harrington and Brodsky, 2007). Short-duration, long period volcanic
earthquakes, originally known as B-type events are common at White Island
volcano (Sherburn and Scott, 1993; Sherburn et al., 1998). The source depths
of these events have not been estimated, but a subset of LP earthquakes
recorded with a temporary array of 14 broadband sensors (Jolly et al., 2017)
suggest LP activity occurs in the upper 1 km of the volcano. These depths
host the volcano’s hydrothermal system in alternating tuff and lava layers
(Heap et al., 2015). These LP events have been interpreted to be generated
by a mechanical, low frequency source such as ductile fracturing (Sherburn
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and Scott, 1993) or inelastic compaction of ash tuffs (Heap et al., 2015).
Using a seismic semblance analysis, Sherburn et al. (1998) estimate apparent
wave speeds of 2.5 km/s for these events, which could be interpreted as
propagation through gas-rich shallow ash tuff deposits, as waves through
our gas- and water-saturated tuff samples are similar in speed. Therefore,
an alternative interpretation to ductile deformation or inelastic compaction
is that classic VT-type events, with broadband frequency spectra, might
develop into LP events following propagation through the highly attenuating
medium of saturated tuffs, which acts as a low-pass filter of the source signal.

Typical LP (and hybrid) events are generally of longer duration (5-40s)
than those described above. An increase in apparent source duration can be
caused by entrapment and resonance of seismic waves in low velocity shallow
layers (Bean et al., 2008; Cesca et al., 2008). This apparent resonance effect,
in conjunction with strong attenuation due to the presence of gas, might
cause a high frequency mechanical source to resemble traditional LP or
hybrid seismicity, which might have serious consequences for the inversion
of physical properties (e.g. (Bean et al., 2008; Kumagai et al., 2002)) from
volcano seismicity.

A series of studies by Kumagai and Chouet (Kumagai and Chouet, 1999,
2000, 2001) explored how the attenuation of LP crack resonance is effected by
(multiphase) fluid and geometric properties, using the autoregressive Sompi
method (Hori et al., 1989; Kumazawa et al., 1990). This is a technique
which resolves the decaying harmonic components of an oscillating time
series corrupted by noise (Lokmer et al., 2008) in terms of their complex
frequencies f − ig, where f is frequency, g is the growth rate and i =

√
−1.

The quality factor, Q of a resonant mode is calculated by:

Q = −f/2g. (3.2)

Kumagai and Chouet (2000) utilise the fluid-filled crack model (Chouet,
1996) to generate synthetic LP events by applying a pressure step at the
centre of the wall of a fluid-filled crack, which is surrounded by a homoge-
neous elastic medium with the properties of the rock matrix. They define Q
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as:
Q = Qr +Qi, (3.3)

where Qr represents losses associated purely with the radiation path (essen-
tially scattering losses) and is sensitive to and correlates with the impedance
contrast between rock and fluid. Qi accounts for intrinsic losses in the fluid
itself and may be calculated from thermodynamic equations of state (Com-
mander and Prosperetti, 1989; Kumagai and Chouet, 2000), but for many
fluids is found to be negligible in comparison to Qr.

Kumagai and Chouet (2000) find that Q of synthetic LP events is highly
variable depending on the fluid, but may be as high as several hundred for
dusty and misty gases of small particle size. For gas-gas mixtures Q may
vary between 10 - 90. Single phase fluids (magma and water) result in low
Q values ∼1, but this value may increase significantly (70 - 110) for bubbly
fluids (small bubbles) of 10 % gas volume. A number of studies (e.g. Jousset
et al. (2013); Saccorotti et al. (2007b)) have used the Sompi method in
combination with the results of Kumagai and Chouet (2000) to relate the
attenuation and (complex) frequency of LP volcano seismicity to a possible
resonating fluid, while temporal changes in frequency (and attenuation) have
been linked to changing fluid properties through this method (Kumagai
et al., 2002; De Angelis and McNutt, 2005).

As we have discussed, our experiments measure the lowest wave speeds
and highest attenuation in tuffs and lava analogues when nitrogen is the
pore fluid and we expect these results to be somewhat representative of
rocks which are partially saturated with gas, such as misty gases or bub-
bly fluids. The excitation of resonance in a crack filled with such fluids
has been suggested as a mechanism for generating a high quality factor,
long-lasting resonance through the fluid-driven crack model (Kumagai and
Chouet, 2000). However, the media surrounding the crack is not elastic, but
is expected to be saturated with the same fluids, for which our experiments
predict high attenuation. Although, attenuation in the propagating medium
will not effect the value of Q measured from the Sompi method, which is
based on the temporal decay of a single signal, it is expected to significantly
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reduce the waveform amplitude of the LP signal and therefore the distance
from the source at which it can be detected.

3.5 Conclusions

Ultrasonic wave propagation experiments are conducted to quantify P-wave
velocity, quality factor and spectral attributes in fractured volcanic (and
analogue) rock samples, injected with pore fluids of varying viscosity and
bulk modulus. Vp, Qp and fp correlate with the viscosity and bulk modulus
of the pore fluid and inversely correlate with sample porosity and fracture
volume.

While different lithologies can be separated by Vp, even in the presence
of fracturing, this is not the case for Qp. Vp and Qp in high porosity tuffs are
more sensitive to changes in pore fluid composition compared to rocks with
low porosity (< 10%). The transition in saturating fluid from nitrogen to
glycerol is associated with an increase of up to 67 % in Vp and 383 % in Qp in
the tuff samples and of up to 24 % in Vp and 296 % in Qp in fractured lava.
Therefore, Qp in particular might be well suited to monitoring degassing at
volcanoes.

Squirt flow dominates when the rock is saturated with most fluids, but
scattering may be more important for gas saturated rocks due to the higher
impedance contrast associated with heterogeneities. Attenuation and disper-
sion modelling shows that BISQ squirt flow operates in the relaxed regime
at seismic frequencies for all fluids with the exception of glycerol and sug-
gest that rocks saturated with viscous fluids such as magmatic brines or
magma melt cause significantly higher attenuation at seismic frequencies
than was measured for viscous fluids in the ultrasonic experiments. How-
ever, measured quality factors associated with fluid saturated tuffs and lavas
are consistent with, and expected to represent quality factors in shallow hy-
drothermal systems. Furthermore, low Qp values for nitrogen saturated rocks
at ultrasonic frequencies are comparable to low Qp measurements at lower
frequencies in gas reservoirs.
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Measurements on ash tuffs represent conditions in the upper 500 m of
a volcano, while those on fractured lavas relate to deeper volcanic struc-
tures. These data have applications in constraining parameters for volcano
tomographic studies and for interpreting volcano seismic signals. Anoma-
lously low values of Vp and Qp may be associated with gas rich, fractured
and porous tuff deposits, bounded by low permeability lavas. While nitro-
gen saturated measurements may be particularly applicable to liquid-gas
multiphase fluids.

Waves propagating through gas-saturated, fractured and/or porous fa-
cies are highly attenuated. This results in a reduction of high frequencies
and may result in low amplitude, emergent wave onsets and possibly narrow
band frequency spectra of volcano seismic signals. Our data suggest that
wave propagation effects in these media can distort higher-frequency source
signals to resemble certain types of LP events. This has the potential to com-
plicate interpretations made about the state of the volcanic system, based
on the character of detected seismicity and merits further investigation using
numerical modelling techniques.





Chapter 4

LP or VT signals? How seismic
wave attenuation influences
volcano seismicity signatures

In the previous chapter, isolated P-wave arrivals are strongly attenuated in
reference to the source waveform when propagated through an attenuative
gas-saturated tuff. They appear as low frequency, narrow bandwidth signals
with emergent waveforms, suggesting that strong attenuation may cause
high frequency Volcano-Tectonic seismic signals to resemble Long Period
seismicity. Although generally thought to relate to resonance in fluid path-
ways, recent evidence suggests that some LP events may have a mechanical
source, with the long duration signal of typical LPs being caused by wave
entrapment in low velocity, shallow layers. In this chapter we use experimen-
tally derived properties of fluid-saturated tuffs and lavas from White Island
volcano (Chapter 3) as input parameters for numerical simulations of wave
propagation. We investigate how high frequency VT signals are distorted
when propagating through volcanic media, and compare results to studies
of both passive ultrasonic laboratory acoustic emissions (Chapter 2) and
volcano seismicity.
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4.1 Introduction

Volcanic earthquakes represent a convolution of the earthquake source and
the earth response along the wave propagation path. Both of these aspects
contain information about the structure and physical properties in the edi-
fice, but analysis of volcano seismic source signatures, have particular poten-
tial to better constrain both when and how a volcano might erupt. This is
especially true of Long Period (LP) (or tremor) volcanic earthquakes, whose
source is usually attributed to the resonance of fluid-filled cracks (Chouet,
1996) or larger conduits (Neuberg et al., 2006). Fluid properties and compo-
sitions are interpreted based on the frequency content and quality factors of
spectral peaks in LP seismic signals, which are taken to represent resonant
modes of the source (Kumagai and Chouet, 2001; Kumagai et al., 2002;
Lokmer et al., 2008; De Angelis and McNutt, 2005; Jousset et al., 2004).
Meanwhile, LP event locations (De Barros et al., 2009) and moment tensor
inversions (Lokmer et al., 2007; Saccorotti et al., 2007b; Jousset et al., 2013)
are used to define the geometry of fluid pathways.

LPs have predominantly low frequency signal (0.2-5 Hz) and narrow
spectral peaks. The waveform may have a brief broadband or emergent onset
(Miller et al., 1998; Neuberg et al., 2000). The source mechanism is volu-
metric in nature (Chouet, 1996) and often considered non-destructive, based
on observations of repeating, self-similar LP events, occurring in spatially
clustered swarms (Hammer and Neuberg, 2009; Saccorotti et al., 2007b).
Additionally, LPs are usually constrained to shallow depths (<1 km) and
often associated with hydrothermal systems (Nakano et al., 2003; Waite
et al., 2008). These characteristics differentiate LP seismicity from higher
frequency (5 - 15 Hz), broader band Volcano-Tectonic (VT) signals, with
shear or occasionally tensile source mechanisms, caused by mechanical fail-
ure in the edifice. Hybrid seismicity is a combination of the above two pro-
cesses and is characterised by a VT onset, followed by an LP coda, often
interpreted to indicate fluid resonance.

The inversion of source mechanisms, conduit geometries and fluid prop-
erties from volcano seismicity requires 1) the first order identification of
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LP (and hybrid) events and 2) the subsequent separation of source from
path effects in the LP signal. Typically, common spectral peaks in an event
recorded at multiple seismometer stations, located at different distances and
azimuths from the earthquake, are interpreted in terms of source resonance
(Chouet et al., 1994; Saccorotti et al., 2007b; Neuberg et al., 2000; Unglert
and Jellinek, 2017), while moment tensor inversion requires waveforms to
be recorded at multiple stations. However, many volcanoes are monitored
by sparse seismometer arrays which may comprise only one or two sensors.
This makes identification of source and path effects from frequency spec-
tra - and the calculation of moment tensors - ambiguous, if not impossible.
Furthermore, as a result of steep topography at volcanoes, seismometers are
generally located in the range 3-10 km from the caldera (McNutt and Ro-
man, 2015). At such distances from likely earthquake epicentres, path effects
may come to dominate the recorded signal and obscure waveform or spectral
characteristics related to the source.

Using data collected on a high resolution array of broadband seismome-
ters at Mount Etna, Italy (De Barros et al., 2009), Bean et al. (2014)
show how variable distance between seismometers and hypocenters affect
the recorded LP events. Long duration, LP waveforms detected far from the
source, appear as short, pulse-like signals at near source-receiver distances
(< 500 m), showing that the resonant properties in these signals are due
to path effects. Similar observations from several other volcanoes includ-
ing Turrialba, Costa Rica and Ubinas, Peru (Bean et al., 2014), show that
this phenomenon is widespread. Meanwhile, Harrington and Brodsky (2007)
observe the same signal duration - propagation distance scaling in hybrid
events at Mt. St Helens.

Numerical simulations of seismic wave propagation suggest that a likely
explanation for these observations is the entrapment (and resonance) of
seismic waves in low velocity, shallow layers, which markedly increases signal
duration (Cesca et al., 2008). If the velocity model in these layers is not well
constrained, analysis of the long-duration signals may result in incorrect
inversions for source mechanisms (Bean et al., 2008). Low velocity layers
in volcanic environments are commonly associated with ash tuffs (Dolan
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et al., 1998; Pola et al., 2012; John, 1995), which are often inter-bedded with
lava deposits of much higher velocity (Heap et al., 2015). The boundaries
between tuff and lava layers and/or between tuff and air at the surface,
results in high impedance contrasts capable of trapping wave energy. Bean
et al. (2014) suggest that the short-duration LPs, which morph into longer
duration signals with distance, are a result of a dry, slow-rupture source
combined with path effects and are not associated with resonating fluid
pathways.

In addition to path effects due to stratigraphic layering, seismic waves at
volcanoes may be scattered by extensive fracturing (O’Brien and Bean, 2009)
and topography (Ripperger et al., 2003) or attenuated by thermal losses due
to variable pore fluids (O’Brien and Bean, 2009; Jousset et al., 2004). The
quality factor, a parameter used to quantify seismic wave attenuation, varies
in volcanoes spatially and spectrally. Zucca and Evans (1992) report quality
factors ranging from 20 to 200. However, for shallow layers at volcanoes,
quality factors have been measured to be lower than 10 (Jolly et al., 2012a).
In a recent laboratory study reported in Chapter 3 of this thesis, we mea-
sured in-situ P-wave velocities, Vp and quality factors, Qp on volcanic rocks
from White Island (Whakaari) volcano, New Zealand, when saturated with
fluids of varying viscosity and bulk modulus. In both ash tuff and lava sam-
ples, saturated with a viscous, incompressible fluid, Qp may approach 100,
while for gas-saturated, fractured tuffs Qp<10. Isolated ultrasonic P-wave
arrivals propagated through the attenuative tuffs, have emergent waveform
onsets, significantly lower frequency content and narrower frequency spectra
than the source P-wave. As such seismic characteristics are indicators of LP
seismicity, which is commonly associated with hydrothermal systems, this
prompts the question: Could high-frequency VT events be attenuated by
hydrothermal fluids to resemble LP earthquake sources?

In this study we model path effects, in terms of quality factor and shal-
low low-velocity zones, on volcano seismic signatures. We use quantitative
velocity and attenuation data from our experimental results (Chapter 3)
and literature information, to simulate 2D wave propagation through elastic
and viscoelastic volcanic models. We model wave propagation at two scales
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with a Spectral Element Method (SEM) approach, using the open source
software SPECFEM2D (Komatitsch and Tromp, 1999). At laboratory core
(cm) scale, we explore how wave propagation in viscoelastic media influence
an ultrasonic VT-type Acoustic Emission (AE), generated by rock fracture
(Chapter 2 and Clarke et al. (2019)). This is important as passive labora-
tory techniques are becoming more established as a method for modelling
field scale seismicity (Benson et al., 2008, 2014; Fazio et al., 2019; Burlini
et al., 2007), but the effect of the propagation path on such studies has not
been well explored. Subsequently, we upscale the effect of attenuation due
to fluids for simple White Island volcano (km scale) models. We use a VT-
type earthquake recorded at White Island as the input source for several
viscoelastic models, and explore how both homogeneous and layered media
effect seismic signals. We end by discussing how our modelled signals relate
to observed seismicity at White Island and volcanoes around the world.

4.2 Spectral Element Modelling

The SEM is a widely used, flexible numerical approach for simulating wave
propagation through elastic, viscoelastic, heterogeneous and poroelastic me-
dia (Cristini and Komatitsch, 2012)(Appendix D.1). It solves a weak form
of the wave equation on an element mesh (Komatitsch and Tromp, 1999)
and computes the wavefield from values at the previous time step. For our
models the wavefield is sampled at least 5 times per wavelength, resulting in
<0.3 % numerical dispersion (De Basabe and Sen, 2007) (Appendix D.1.1).
For a detailed overview of SEM and its applications please see Komatitsch
and Tromp (1999) and references therein.

4.2.1 Medium parameters

The input parameters of the model medium (element mesh) for both lab-
oratory and field scale models are based on results from ultrasonic wave
experiments on fractured and fluid saturated White Island ash tuff (T1)
and lava (L1) samples (Chapter 3). These experiments were conducted at



100LP or VT signals? How wave attenuation influences volcano seismicity

pressure conditions which represent subsurface depths of 0.5 km and 1.3 km,
respectively. For each lithology, three saturation fluids are considered: nitro-
gen gas, water and glycerol. The bulk modulus and viscosity of the fluids
increase across this sequence. The model input parameters are presented in
Table 4.1.

Table 4.1: Input parameters for the SEM modelling on two rocks from White
Island volcano: Saturated rock density (ρsat), P- (Vp) and S-wave (Vs) ve-
locity and P- (Qp) and S-wave (Qs) quality factors.

Lithology Fluid ρsat(g/m3) Vp(km/s) Vs(km/s) Qp Qs

Lava Nitrogen 2.5 4.0 2.1 13.4 6.7
Lava Water 2.6 4.6 2.4 26.4 13.2
Lava Glycerol 2.6 5.0 2.6 53.2 26.6
Tuff Nitrogen 1.5 1.7 0.9 9.4 4.7
Tuff Water 1.8 2.3 1.2 22.7 11.4
Tuff Glycerol 1.9 2.8 1.4 31.1 15.6

Parameters Vp and Qp are averages across a range of experimentally mea-
sured wave paths (Chapter 3). Vs and Qs were not experimentally measured
but estimated from the literature (Zamora et al., 1994; Bianco et al., 1999;
Sato et al., 2002) (Appendix D.1.3).

Our models use constant values of Qp and Qs over the seismic frequency
range (Komatitsch and Tromp, 1999), defined by an array of three Stan-
dard Linear Solids in parallel (Appendix D.1.2). Although attenuation is
well known to be frequency dependent, within a narrow frequency band it
can be assumed constant (e.g. Jousset et al. (2004); Scherbaum (1990)). Fur-
thermore, we note that the input model Qps which define the viscoelastic
properties in the propagation media, are based on calculations made using
the Spectral Ratio method (Toksöz et al., 1979). This gives the total quality
factor due to both intrinsic attenuation and scattering. While intrinsic at-
tenuation dissipates energy as heat, scattering redistributes energy to later
times in the wave coda (Sato et al., 2002). From this perspective, our models
provide an upper bound on the effects of intrinsic attenuation.
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4.2.2 Source-time functions

For several of the models presented in this study, a simple explosive source
with a Ricker wavelet is used as a source-time function. However, in order
to better understand wave propagation of real events, we also use recorded
VT signals as source-time functions. At the field scale, we use a VT-type
earthquake recorded at White Island volcano. At the laboratory scale we use
an acoustic emission (AE) generated by rock fracturing in the laboratory (see
Chapter 2 and Clarke et al. (2019)). Laboratory AEs associated with rock
fracture are considered analogous to field VT earthquakes (Benson et al.,
2007, 2008; Smith et al., 2009) and have been shown to display scaling
between seismic moment, M0 and corner frequency, fc (a proxy for rupture
length) (Harrington and Benson, 2011; Kanamori and Rivera, 2004):

M0αf
−3
c , (4.1)

This relationship is consistent with brittle failure under constant stress
(Kanamori and Rivera, 2004) and is observed in field VT seismicity (Har-
rington and Brodsky, 2007).

Using VT-type input source-time functions is a novel modelling approach
with the advantage that a real signal can be fully and accurately charac-
terised at all times in the model, with the goal of studying the effect of wave
attenuation with propagating distance. However, this method is limited in
that the recorded signals are already a convolution of the source and path
effects, as we do not have a sensor at the exact location of the source. The
VT-type source functions are specified as point sources at time, t=0 and the
source type set as an explosive moment tensor in SPECFEM2D. This means
that the full waveform is propagated as a P-wave, regardless of whether there
are other wave phases present. As Qp/Qs typically ranges between 0.5 and
1 at frequencies higher than 1 Hz (Sato et al., 2002), we note that S-wave
phases in the source signal will be less attenuated than they should be and
so our models may underestimate the attenuation in this regard.
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4.3 Laboratory scale modelling

In this section we investigate how fluid type and propagation distance in-
fluence AE wave signatures as these propagate in viscoelastic media. We
then discuss the implications for experimental studies, which utilise acous-
tic emissions as analogues for volcano seismicity. We use a VT-type acoustic
emission recorded during rock fracturing experiments on an American Black
Granite sample (Chapter 3, Clarke et al. (2019)) as a source-time function
and specify the model medium as an ash tuff sample, saturated with the
three experimental fluids (Table 4.1). The VT AE was recorded on the sen-
sor with the highest amplitude response of eighteen transducers and has a
high signal to noise ratio of 603. This signal was likely recorded closest to
the source and therefore the least influenced by path effects, and is assumed
to represent the source signature.

The core is modelled by a 4 cm x 8 cm mesh with 80 x 160 cells (12800
spectral elements), resulting in a cell size of 0.5 mm. Perfectly Matched
absorbing Layers (PMLs) (Berenger, 1994; Komatitsch and Tromp, 2003)
are used at the top, bottom and sides of the sample to damp and remove
reflections. The AE is set as an explosive point source in SPECFEM2D
and propagated for 150 µs with a time step of 10 ns. Synthetic seismograms
(modelled waveforms) represent displacement in the vertical direction. Power
Spectral Densities (PSD)s in the following sections are computed using a
multitaper approach (Prieto et al., 2009), which reduces random variability
in the frequency spectrum by averaging over multiple independent estimates,
computed using a set of 7 orthogonal tapers. We use these data to interpret
the evolution of a modelled waveform from the source to the receiver in the
time and frequency domain.

4.3.1 Model validation

Before presenting the AE results, we validate our SEM modelling approach
by propagating an explosive source with a Ricker wavelet time function
through models of the ash tuff sample saturated with different fluids (Ta-
ble 4.1). The propagation distance is 6.5 cm. The 0.5 MHz Ricker source
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is chosen to represent the ultrasonic transducer pulse used in the active
source experiments reported in Chapter 3. A comparison of experimental
and modelled signals through the tuff sample is presented in Appendix D.2.
Synthetic waveform amplitudes decay as attenuation increases from glycerol
to nitrogen, while the frequency spectra narrow and move towards lower fre-
quencies, as high frequencies are preferentially attenuated by the constant
Qp model (Figure 4.1).

Figure 4.1: Modelled waveforms (left) and PSDs (right) for an explosive P-
wave source, propagated 6.5 cm through an elastic (top panels) and three
viscoelastic models for the different saturating fluids.

We estimate the input quality factors from the modelled data by using
the spectral ratio method (Toksöz et al., 1979), where the reference wave-
form is the source propagated through an elastic medium defined by Qp=∞
(top panel in Figure 4.1). Spectral ratio estimates of Qp are 30, 22 and 11
for glycerol, water and nitrogen saturation respectively, which are within
3 %, 3 % and 18 % of input values. Figure 4.2 shows that plots of fre-
quency vs spectral ratio show linear trends, with R2 values of 1.0 in each
case, taken over the frequency range where the spectral amplitude of the
modelled waveform is at least 25 % of the maximum spectral amplitude.
This indicates that the attenuation model gives a good approximation of a
frequency independent Qp and that the input Qps defined by experiment are
generally well recovered.
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Figure 4.2: Spectral ratios with 95 % confidence intervals (shaded areas)
as a function of frequency for fluid-saturated viscoelastic models for the
laboratory ash tuff. Solid lines are the data, while dashed lines are linear fits
to the data.

4.3.2 Pore fluid type

Here we study how the VT-type AE source evolves when propagated a dis-
tance of 6.5 cm through models of an elastic and three viscoelastic media,
each of the latter representing different fluid saturations in an ash tuff. Fig-
ure 4.3A and Figure 4.3B are the resulting modelled waveforms and their
associated PSDs. As in Figure 4.1, the synthetic waveforms decrease in am-
plitude as Qp decreases and the saturating fluid transitions from glycerol to
nitrogen (Figure 4.3A). The frequency spectra associated with the viscoelas-
tic models show that in all cases high frequencies are preferentially lost and
low frequencies seem enhanced, as these now constitute a greater proportion
of original source energy (Figure 4.3B).

We can see there is an evolution of the dominant spectral frequency and
its associated PSD (Figure 4.3C), with both decreasing as the Qp associated
with each fluid decreases, from Qp=∞ for the elastic case to Qp=9.4 for
nitrogen saturation. The source waveform - approximated by the elastic
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case - has a clear dominant frequency of 359 kHz. For a tuff rock saturated
with viscous fluids (water and glycerol) the dominant frequency is virtually
unchanged from 359 KHz to 355 kHz and 356 kHz. Also, the frequency
spectra retain a similar shape to the source, though a lower frequency peak
begins to emerge at 191-193 kHz, which is more pronounced for water than
glycerol. For the nitrogen saturated sample, where attenuation is highest
(Qp=9.4), the frequency spectrum has a shifted dominant peak at 128 kHz
(Figure 4.3C) and frequencies above 250 kHz are mostly attenuated.
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Figure 4.3: Modelled waveforms (A), PSDs (B) and the dominant frequency
vs spectral amplitude (PSD) (C) of an experimental VT signal propagated
6.5 cm through a saturated tuff sample. The three viscoelastic models rep-
resent saturation with nitrogen (Qp=9.4), water (Qp=22.7) and glycerol
(Qp=31.1). The elastic model uses the input parameters of a glycerol satu-
rated tuff (Table 4.1) but with no attenuation (Qp=∞)

4.3.3 Propagation distance

The simulations described above show that significant deviations in the ap-
pearance and frequency content of the VT-type AE are mostly observed
when the VT source is propagated through the viscoelastic model with
Qp <10, representing a nitrogen-gas saturated tuff. It is well known that
the effect of seismic wave attenuation on wave amplitudes is an exponential
decay with propagation distance (Aki and Richards, 1980). Therefore we
now investigate how propagation distance in a viscoelastic model medium
distorts the original source waveform. We propagate the same VT-type AE
source from the previous model over three distances: 2, 4 and 6 cm.
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As expected, as the propagation distance increases waveform amplitudes
decrease, higher frequencies are preferentially attenuated and the relative
spectral amplitudes of low frequency peaks are enhanced (Figure 4.4A and
Figure 4.4B). At 2 cm, the dominant frequency (354 kHz) is close to that
for an elastic wave propagated over the same distance (359 kHz), although
a secondary mode begins to emerge at 192 kHz. By 4 cm, the frequency
spectrum has become bimodal and the low frequency peak at 161 kHz dom-
inates. At 6 cm, frequencies above 250 kHz have become insignificant and
the frequency spectrum is uni-modal, with a dominant, low frequency peak
at 129 kHz. At the same time, peak spectral amplitudes (PSD) decrease with
increasing distance. Figure 4.4C summarises this frequency and amplitude
evolution with propagation distance.
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Figure 4.4: Modelled waveforms (A), PSDs (B) and the dominant frequency
vs spectral amplitude (C) of the experimental VT AE propagated over vari-
able distance (2, 4 and 6 cm) through a viscoelastic nitrogen saturated tuff
model (Qp=9.8). Elastic refers to a VT-type AE waveform propagated over
a distance of 2 cm for a model with the input parameters of a nitrogen
saturated tuff (Table 4.1) but with no attenuation (Qp=∞).

4.3.4 Wave attenuation implications for laboratory

acoustic emission experiments

The numerical simulations of wave propagation in a fluid saturated ash tuff
suggest that the waveform and spectral properties of the source AE may be
significantly distorted. The level of distortion depends on the quality factor
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of the rock and the source-receiver distance. Rock quality factor in turn is
a function of the saturating fluid type and the pore volume and geometry.
In general, as attenuation increases (Qp decreases), both waveforms and
frequency spectra lose amplitude. Spectral peaks shift to lower frequencies
and the relative amplitude between spectral peaks change. As this happens,
the dominant spectral peak may switch to lower frequency, lower amplitude
peaks which appear insignificant in the source spectrum.

Although a relatively new technique, the use of laboratory generated
AEs to model and explore rock fracture evolution (Smith et al., 2009; Ben-
son et al., 2007; Lavallée et al., 2008; Heap et al., 2015) and fluid induced LP,
hybrid and tremor seismicity (Burlini et al., 2007; Benson et al., 2010; Fazio
et al., 2019) at volcanoes, has become an important area of research. How-
ever, as in the field, both source and path effects contribute to the recorded
signal. Analogue to the field case, frequency and waveform character are in-
dicative of source processes (e.g. Benson et al. (2008); Burlini et al. (2007);
Clarke et al. (2019)), but our modelling results show that the effects of wave
attenuation should be considered and quantified.

In Clarke et al. (2019) (and Chapter 2 of this thesis), AEs induced by
brittle fracture of granite and subsequent depressurisation of nitrogen, water
and glycerol through the damage zone are related to different types of vol-
cano seismicity. Figure 4.5 presents waveforms, PSDs and spectrograms for
a typical hybrid-type AE detected during depressurisation experiments in
Clarke et al. (2019) and the synthetic signal for the VT AE propagated 4 cm
through the nitrogen saturated tuff model. The hybrid waveform and spec-
trogram are characterised by early high frequency signal, which transitions
into a low frequency coda, giving the spectrogram a traditional ‘hockey-stick’
shape (Benson et al., 2010). Conceptually this relates to a mechanical source
(VT onset) which subsequently initiates resonance in a fluid-filled crack (LP
coda) (Lahr et al., 1994). The PSD of the hybrid event is characterised by
a bimodal frequency spectrum, which was interpreted to reflect these two
processes, consistent with results from other AE experiments (Benson et al.,
2010). In the case of the displayed event, the low frequency mode dominates
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the spectrum. The PSD of the synthetic signal shows a similar bimodal fre-
quency spectrum, but while the high frequency peak is a remnant of the VT
source signal and related to rock fracture, the low frequency mode is caused
purely by attenuation. The low frequency mode of the synthetic signal is
of slightly higher frequency and somewhat broader than that of the exper-
imental signal. Appendix D.2 - Figure D.1 shows that this is expected for
modelled waveforms in comparison to experimental observations.

Despite the similarity of the PSDs, the waveforms and spectrograms
of the two signals are less similar (Figure 4.5). The modelled AE appears
of shorter duration than the experimental hybrid and the high and low
frequency components do not appear to be separated in time. Although not
shown here, we note that a number of signals which displayed a hybrid-
like PSD, but with no time dependent features in the frequency spectrum
were also generated during fluid venting experiments in Clarke et al. (2019)
(Chapter 2).
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Figure 4.5: Normalised waveforms, PSDs and spectrograms for a hybrid-
type AE detected during water depressurisation experiments on the Amer-
ican Black Granite sample from Clarke et al. (2019) and Chapter 2 (left)
and a VT-type AE that has propagated a distance of 4 cm through a vis-
coelastic nitrogen-gas saturated tuff model (Qp=9.4) (right). For normalised
spectrogram intensities, blue represents 0 and red represents 1.

Figure 4.6 presents waveforms, PSDs and spectrograms for a typical LP-
type AE from Clarke et al. (2019) and the synthetic signal for the VT AE
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propagated 6 cm through the nitrogen saturated tuff model. Both signals
are characterised by PSDs that show one spectral peak, with a dominant
frequency in the range 100-200 kHz. The peak frequency is slightly higher
for the synthetic signal and again it is characterised by a broader spectral
width. The experimental LP-type AE appears of longer duration than the
synthetic signal and has a more gentle, emergent onset, as is often seen
in LP seismicity in the field (Stewart, 1998; Miller et al., 1998). LP-type
AEs were uncommon during fluid depressurisation experiments but were
identified by their low frequency, monochromatic spectra, which had little
to no energy above ∼250 kHz. This was in contrast to VT-type events, which
had impulsive wave onsets, higher peak frequencies and broader spectra. As
such, the LP-type AEs, were interpreted as a likely result of crack resonance.
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Figure 4.6: Normalised waveforms, PSDs and spectrograms for a LP-type
AE detected during water depressurisation experiments on the American
Black Granite sample from Clarke et al. (2019) and Chapter 2 (left) and a
LP-type AE that has propagated a distance of 6 cm through a viscoelastic
nitrogen-gas saturated tuff model (Qp=9.4) (right). For normalised spectro-
gram intensities, blue represents 0 and red represents 1.

While frequency spectra between modelled and experimental LP- and
hybrid-type AEs are similar, the modelled and experimental waveforms are
quite different (Figure 4.5 and Figure 4.6). Because spectral attributes such
as dominant frequency (McNutt, 1996) or the ratio of high- to low-frequency



110LP or VT signals? How wave attenuation influences volcano seismicity

energy (Buurman and West, 2010) are often used to differentiate between
different classes of field volcano seismicity, our modelling findings are key
to such interpretations. If these results translate to the field, it seems pos-
sible that some seismic events that are interpreted as LPs or hybrids might
actually be caused by a VT event, which propagated through a strongly
attenuating medium.

Although we are comparing experimental signals in a fractured granite
(porosity=10 %) to active wave propagation through a high-porosity tuff
(porosity=44 %) with different fluid saturations, the estimated Qp for these
rocks are 13.0 and 9.4, respectively (Chapter 3). This shows that velocity,
density and attenuation properties in a rock are critical to understand when
studying experimental acoustic emissions.

Our observations raise the following question: are the LP-type AEs
recorded in the depressurisation experiments all due to path effects? A sub-
set of LP-type AEs recorded in Clarke et al. (2019) showed constant (low)
dominant frequencies across all source-receivers distances (from <1 cm to
7 cm) and no clear relationship was observed between dominant frequency
and propagation distance. While attenuation undoubtedly played a role in
the fluid depressurisation experiments, it does not seem likely that it is re-
sponsible for the majority of the LP- or frequency-time separated hybrid
events.

Harrington and Benson (2011) investigated the source signatures of lab-
oratory generated AEs caused by rock deformation and failure of dry and
water-saturated (i.e. ‘wet’) Mt. Etna basalt, using an empirical Green’s func-
tion approach to remove wave propagation effects. VT-type events induced
by dry failure followed the experiment-to-field scaling relationship between
seismic moment (M0) and corner frequency (fc) described by equation (4.1).
The AEs generated by ‘wet’ deformation however resembled hybrids and
showed no such scaling, suggesting that they are the result of more than just
a brittle failure mechanism. As the frequency content of resonant signatures
is independent of M0 and instead depends on crack and fluid properties,
observations by Harrington and Benson (2011) indicated the importance of
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fluids in the source of hybrid-type AEs. Their study suggests that attenua-
tion is not the cause of the low frequency coda of the hybrid-type laboratory
AEs. In a separate study, Harrington and Brodsky (2007) find that equa-
tion (4.1) does apply to field hybrid earthquakes at Mt. St Helens, suggesting
that these events are most likely caused by mechanical failure in conjunction
with strong scattering. The authors suggest a likely low frequency, slow-
rupture source for the Mt. St Helens hybrids. However, it is possible that
attenuation could account for the low frequency content of some apparent
LP and hybrid signals. In the following section, we explore how both seismic
wave attenuation and scattering affect waveform signatures in the field.

4.4 Field scale modelling

In this section, the experimentally derived parameters are applied to field
scale models, to explore how volcano seismicity is affected by fluid saturated
media, considering White Island volcano as a geological basis for these mod-
els. We initially model wave propagation through fluid-saturated, homoge-
neous lava and ash tuff (Table 4.1), using a VT earthquake recorded at White
Island volcano as the source. The VT signal was recorded at a sampling rate
of 100 Hz but is high-pass filtered at a cut off frequency of 2 Hz to remove
noise and subsequently resampled at 5000 Hz prior to use in the model. Our
model parameters are based on rocks saturated with nitrogen-gas, water and
glycerol (Table 4.1), which we assume to be fluids with similar viscosity and
elasticity as those encountered in shallow hydrothermal systems.

Homogeneous lava and tuff 2D models are 2 km × 2.5 km and the mesh
is composed of 160 × 200 cells (32000 spectral elements), resulting in a cell
size of 12.5 m. Waveforms are propagated for 10 seconds with a time step
of 0.2 ms. Perfectly Matched absorbing Layers (PMLs) are implemented
at the top, bottom and sides of the media to damp reflections. Synthetic
seismograms are waveform displacement in the vertical direction and are
low-pass filtered with a cut-off frequency of 50 Hz to remove high frequency
artefacts caused by spurious reflections from the PMLs.
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4.4.1 Pore fluid type

Our first test is to propagate a VT event from White Island for 1500 m
through models of a lava and a tuff, saturated with a variety of fluids. Com-
pared to the experimental AE signal (Figure 4.3A-B: top panels), the field
VT event clearly has a more complex source (represented by the modelled
waveform through an elastic medium - Figure 4.7A-B: top panels). The evo-
lution of the amplitudes (PSDs) and frequencies of four spectral peaks in
the earthquake source with respect to pore fluid, are highlighted and sum-
marised in Figure 4.7C and Figure 4.7F.
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Figure 4.7: Modelled waveforms (A,D) and the corresponding PSDs (B,E)
for a VT source propagated for 1500 m in elastic and viscoelastic models.
White Island ash tuff (top) and lava (bottom). There are four prominent
peaks in the frequency spectra of these signals indicated by arrows in panel
B. These peak frequencies are shown vs their spectral amplitude (PSD) for
each of the saturating fluids (C,F).

For both lithologies, Qp decreases as the saturating fluid transitions from
glycerol to nitrogen. This results in decreasing waveform amplitudes and
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preferential attenuation of higher frequencies, causing the relative ampli-
tudes of low frequency spectral peaks to increase. For lava, changes in the
signal frequency spectra across the fluid set are relatively minor, with the
peak frequency remaining unchanged (13.2 Hz). The most prominent change
in the frequency spectra is the switch in the secondary peak from 19.8 Hz
(when the pore fluid is glycerol or water) to 8.7 Hz when nitrogen is the
pore fluid.

Significant changes are observed in the frequency content of the synthetic
waveforms through the saturated tuff models. Other than slight variations
to peak amplitudes, when glycerol and water are the saturating pore fluids,
the frequency spectra resemble the source spectrum. However, for the case
where nitrogen is the pore fluid, peak 1 at 3.2 Hz dominates the PSD, peak 2
remains at lower amplitudes, while frequencies above 10 Hz become insignif-
icant (Figure 4.7F). The synthetic waveform when nitrogen is the pore fluid
is significantly different in comparison to the other fluids (Figure 4.7D).
It retains an impulsive onset but low frequencies dominate the wave coda,
where the relative amplitude of initially low-amplitude and low-frequency
waves in the VT source has increased.

4.4.2 Propagation distance

Given that significant deviations from the source PSD are only observed
in the viscoelastic models representing nitrogen saturated tuff, the effect of
propagating distance on the modelled waveforms is investigated for this case.
Figure 4.8 shows the modelled waveforms and their PSDs at distances of
500 m, 1000 m and 1500 m from the source. The evolution of the amplitudes
of the four prominent peaks in the frequency spectra (Figure 4.7B) are also
shown.

As the propagation distance increases, higher frequencies are preferen-
tially attenuated and the relative amplitudes of low frequency spectral peaks
increase. By 500 m, most of the energy over 15 Hz has been lost, but the
dominant peak frequency is still the same as for the source (peak 3). By
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Figure 4.8: Modelled waveforms (A), the corresponding PSDs (B) and the
dominant frequencies vs amplitudes of four prominent peaks in the frequency
spectra (arrows in Figure 4.7B) (C) for the VT source propagated 500 m,
1000 m and 1500 m through the viscoelastic, nitrogen saturatedWhite Island
tuff (Qp=9.4). The elastic signal is for the nitrogen saturated tuff for a
source-receiver distance of 500 m.

1000 m, peak 1 (3.2 Hz) and 2 (8.7 Hz) become dominant. By 1500 m,
peak 1 dominates, with a spectral amplitude three times that of the next
highest spectral peak (8.7 Hz). We will see later, that beyond 1500 m, higher
frequencies continue to be strongly attenuated and the frequency spectrum
becomes monochromatic in nature.

4.4.3 Shallow, low velocity layers

A more realistic model for the shallow section of a volcano, such as White Is-
land, comprises interbedded tuff and lava layers, formed by previous eruptive
sequences (Heap et al., 2015, 2017). Bean et al. (2008) and Cesca et al. (2008)
show that large seismic impedance contrasts between layers can significantly
distort propagating seismic waves, resulting in an apparent resonance effect.
These models however, have not included the effect of intrinsic attenuation.

Here, we model a shallow volcano layered media, comprised of interbed-
ded ash tuff and lava. We approximate the frequency content associated
with a VT source by using an explosive 15 Hz Ricker wavelet source-time
function. This source simplification is required in order to identify reverber-
ations and wave phases in the synthetic seismograms. The source depth is
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set to 200 m and receivers are set at epicentral distances of 500 m, 1500 m
and 3000 m from it. We define a new element mesh of 5 km by 0.8 km (400
× 64 cells = 25600 spectral elements) and use the same cell size and time
step as in the previous field scale models, but run the simulations for a total
time of 6 seconds to reduce computational expense. PMLs are implemented
at the bottom and sides of the media to damp reflections, while the top is
defined as a free surface with flat topography.

We create a 2-layer model with the upper 400 m (where the source is
located) has the physical properties of nitrogen saturated tuff, while the
lower 400 m is a nitrogen saturated lava. The physical justification for this
is to approximate wave speeds associated with strata saturated with a gas
rich fluid, as is likely to occur in the shallow hydrothermal system at White
Island, where meteoric and sea water mix with exsolved volatiles and mag-
matic fluids (Werner et al., 2008). As ∼10 % gas saturation in otherwise
water saturated rocks may have similar wave speeds to those of 100 % gas
saturated rocks (Müller et al., 2008; Helle et al., 2003), we use the mea-
sured velocities from nitrogen saturated rocks as inputs in these models. We
explore how synthetic signals change with distance when wave attenuation
in the tuff layer is high (Qp=10) and low (Qp=100). The lower lava layer
is modelled for a fully elastic case (Qp=∞) and a highly attenuative case
(Qp=3).

For all 2-layer models (Figure 4.9), the modelled waveforms are of longer
duration than the source waveform. When the lower lava layer is elastic
(grey lines, Figure 4.9), the modelled waveforms increase in duration with
propagation distance, regardless of the attenuation in the tuff layer. This
lengthening of the waveform record with distance results because 1) re-
flected and refracted waveforms travel progressively further with increasing
epicentral distance, causing the time between arrivals to increase and 2) the
constant quality factor used in the models causes preferential attenuation of
high frequencies, leaving waveforms more enriched in low frequency energy
and appearing more ‘stretched’ with increasing travel distance.

For waves propagating the same distance, but through an upper tuff
layer of different Qp, more reverberations are recorded when Qp=100 than
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Figure 4.9: Modelled waveforms and related PSDs for receivers at epicentral
distances of 500 m, 1500 m and 3000 m for the 2-layered model when Qp=10
in the upper tuff layer (A, C) and for the tuff layer with Qp=100 (B, D).
Grey lines represent the case where the lower lava layer is elastic (Qp=∞),
while black lines are for a highly attenuative (Qp=3) lower lava layer.

when Qp=10, as these are more efficiently damped. However, waveform fre-
quencies are more dispersed when Qp=10 and so the signal appears more
stretched. This has the effect that the signals for the two cases have rela-
tively similar durations. Beyond 500 m epicentral distance, and particularly
when Qp=10 in the tuff layer, analysis of the synthetic signals show that sig-
nificant wave energy is a result of critically refracted waveforms rather than
reflected phases. These waves are propagated through the lava medium just
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below the interface and so travel with higher velocity and less attenuation
than the reflected waves.

The black lines in Figure 4.9 are the synthetic waveforms and PSDs for
the 2-layer models when the lower lava layer is set to be highly attenuative
(Qp=3), effectively removing - or at least strongly reducing - the contribution
of critically refracted waves in the overall signals. This has little effect at
short distances (500 m) - waveforms are identical - where the signals are
dominated by the direct and reflected waves. At longer distances, fast moving
refracted waves are removed. This translates into a waveform where first
arrival times increase, coda durations decrease and are of lower amplitude,
with respect to the case where the lava is elastic (grey lines).

The damping of refracted waves, due to an attenuative lava layer, does
not change the overall ringing character of the synthetic signals when
Qp=100 in the tuff (Figure 4.9B), as a high proportion of the wave energy
is associated with reflections. However for Qp=10 in the tuff (Figure 4.9A),
the amplitudes of reflected waves are already strongly damped at source-
receiver distances of 1.5 km and 3 km. Therefore when both the lava and
tuff are strongly attenuating, the character of the modelled signals appears
as a short-duration pulse-like, low frequency signal.

Regardless of attenuation in the lower lava layer, the PSDs in Figure 4.9C
and Figure 4.9D show lower frequency content when Qp=10 in the tuff layer,
than when Qp=100. At distances beyond 500 m, having high attenuation in
both tuff and lava (black plots in Figure 4.9C) results in PSDs defined by
low frequency, dominant spectral peaks at 4.0 Hz for a distance of 1.5 km
and 3.7 Hz at 3 km.

4.4.4 Implications for volcano seismicity

Our modelling of the propagation of a Volcano-Tectonic type waveform
through fluid saturated, homogeneous White Island tuffs and lavas shows
that the event signature and spectral content are variable with the medium
quality factor and the propagation distance. Although the positions of peaks
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in the frequency spectra of modelled waveforms are defined by the source,
and remain essentially stationary, the relative amplitude of spectral peaks do
change, with low frequency spectral peaks becoming increasingly dominant
over high frequency peaks with increasing attenuation. For wave propagation
distances of up to 1.5 km, the synthetic seismograms are only significantly
distorted from the original VT source when Qp < 10 (Figure 4.7).

For such high attenuation, our results show that for a source-receiver
distance of 1 km, the modelled waveform frequency spectrum shows two high
amplitude spectral peaks at 8.7 Hz and 3.2 Hz, with the dominant spectral
peaks of the source (at 19.8 Hz and 13.2 Hz) being strongly reduced in
amplitude (Figure 4.8). Such a bimodal frequency spectrum resembles that
of typical hybrid events (Miller et al., 1998). As the propagation distance
increases to 1.5 km, the synthetic waveform is significantly different from
the VT source, only retaining the low frequency spectral peak. The PSD
is dominated by a spectral peak with a frequency of 3.2 Hz; a feature that
would usually be associated with LP seismicity (De Angelis and McNutt,
2005).

The experimental pore fluids used in the modelling represent volcanic
gases (nitrogen), water and brines (water) and low viscosity magmatic flu-
ids (glycerol). However, velocity and attenuation are frequency dependent.
A single wave attenuation mechanism can behave differently at ultrasonic
and seismic frequencies (Müller et al., 2010; Mavko et al., 2009). Meanwhile,
different attenuation mechanisms operate at different scales (e.g. micro- vs.
macro-scale) in the same medium (Pride et al., 2004). The model input pa-
rameters we use are well suited for predicting laboratory data (Section 4.3),
but we acknowledge that the experimental attenuation values might not rep-
resent the exact lithology and fluid conditions in the field. Nonetheless, our
modelled Qp values have been measured in field studies (e.g. Wu and Lees
(1996); Clawson et al. (1989)).

The lowest experimental quality factors were recorded for nitrogen satu-
rated rocks (Chapter 3). Attenuation studies using sonic logs, show that gas
and gas condensate sandstones have Qps in the range of 5-30, which are lower
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than either water or viscous oil (Qp=8-100) saturated sandstones (Klimen-
tos, 2002). Laboratory studies have shown that partial gas saturation (e.g.
10% gas, 90% water) compared to full-gas saturation in rocks can produce
equally low wave speeds and higher attenuation (Murphy, 1984; Ito et al.,
2005; Spencer, 1979; Adam et al., 2009; Amalokwu et al., 2014). This has
significant implications in high-volatile hydrothermal systems in volcanoes,
as low Qp anomalies in volcanic regions have been associated with gas-filled
porosity or with trapped gas in volcanic fluids (De Siena et al., 2010; Sanders
et al., 1995; Hansen et al., 2004; Vanorio et al., 2005). An active source to-
mographic study at White Island (Jolly et al., 2012a) confirms that these
levels of attenuation do occur, with Qp estimated at < 10 in the shallow
edifice; which, based on P-wave velocity measurements of 2.2 km/s, is likely
composed of ash tuff. Therefore, the high attenuation values we use in our
models (nitrogen saturation, Qp=9 in tuff and Qp=13 in lava), can accu-
rately represent values for active hydrothermal systems in the field, where
partial gas-saturation in rocks is due to an underlying source of degassing
magma (e.g. (Werner et al., 2008)).

VT events as LP seismicity?

LP seismicity is typically considered to be generated by the resonance of a
fluid-filled crack (Chouet, 1996). LP signals are therefore important for haz-
ard monitoring, as a direct indicator of fluid movement and for inferring the
properties of circulating volcanic fluids, based on analysis of spectral peaks
in the source signature (Kumagai et al., 2005; De Angelis and McNutt,
2005; Kumagai and Chouet, 2001). However, there is significant variation
in LP seismic signatures, both geographically and even at the same volcano
(Varley et al., 2010). For example, long duration (∼60 s), slowly decaying,
monochromatic ‘Tornillo’ LP earthquakes, with a very narrow spectral peak
(Hagerty and Benites, 2003; Gomez et al., 1999; Fazio et al., 2019), are sig-
nificantly different from short-duration (∼5 s) LPs, which although low fre-
quency, tend to have broader spectral bandwidth (Chouet et al., 2016; Bean
et al., 2014; Sherburn et al., 1998). Many LPs display waveform and spectral
characteristics somewhere in between these end members (Saccorotti et al.,
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2001, 2007a; Jousset et al., 2013; Neuberg et al., 2000). Differences in these
signals are caused either by different fluid/crack properties (Chouet et al.,
2016) or by a different source mechanism entirely (Bean et al., 2014), while
path effects complicate this picture.

As seismometer stations are most often at distances greater than 3 km
from the sources of the seismicity (McNutt and Roman, 2015), our results
suggest that VT waveforms can be sufficiently depleted in high frequency
energy to resemble LP seismicity. However, this requires high attenuation
in the edifice with Qp<10. Based on our ultrasonic experiments (Chapter 3)
and other data (e.g. Klimentos (2002); Murphy (1984)) we suggest that
such conditions exist in partially or fully gas saturated, porous and/or frac-
tured media. LP seismicity typically occurs at shallow depths (<1 km) and
many LP signals originate in active hydrothermal systems, coinciding with
a geological setting associated with highly attenuative shallow layers. Ex-
amples of such hydrothermally active volcanoes with LP seismicity include
White Island Volcano, New Zealand (Sherburn and Scott, 1993; Jolly et al.,
2017; Giggenbach, 1987; Werner et al., 2008), Mt St Helens, United States
(Waite et al., 2008), Kusatsu-Shirane Volcano, Japan (Kumagai et al., 2002)
and Campi Flegrei, Italy (Saccorotti et al., 2007b). LP seismicity in these
volcanoes is strongly associated with fluid resonance, where the magmatic
heating of hydrothermal fluids is the source of several hypothesised excita-
tion mechanisms (Chouet and Matoza, 2013; Nakano et al., 2003). However,
the presence of volatiles in these hydrothermal systems might be causing
VT events to transform into LP seismicity.

Short-duration LP seismicity, has been interpreted as having a mechan-
ical rather than a fluid resonance source. Bean et al. (2014) proposes that
low frequency content in seismic signals can be due to slow rock rupture at
the brittle-ductile transition in shallow unconsolidated sediments. Similar
low frequency, deformation sources have also been related to slow-slip under
low shear stress, where the presence of pressurised fluids reduces the effec-
tive stress (Shelly et al., 2007). It has also been suggested that such a low
frequency mechanical source, or a higher frequency VT source in conjunc-
tion with strong attenuation might even be responsible for 2-5 Hz tremor at
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White Island, as increases in tremor prior to eruption follow that predicted
by the material Failure Forecast Method (Chardot et al., 2015).

In order for VT seismicity to represent as LP-like earthquakes due to
strong attenuation in a homogeneous medium, there needs to be low fre-
quency energy present in the seismic source. For our VT event from White
Island, low frequencies have low amplitudes. However, the source signal we
use in our modelling has propagated through the edifice of White Island,
and is a convolution of the original VT source with the Earth response. It is
possible therefore, that the low frequency peak may not have been generated
at the source (during rock fracturing) and may represent a secondary reso-
nance from layered strata (Bean et al., 2008; Chouet, 1996), fractures (Jolly
et al., 2012b) or noise in the record. A slow-rupture VT source enriched in
lower frequencies, in combination with strong intrinsic attenuation might be
a particularly viable mechanism for pulse-like LP events.

Comparison to White Island seismicity

Given the context of this investigation, we interpret our modelled signals
in terms of White Island seismicity. White Island is monitored by only two
permanent seismometers (Walsh et al., 2019), although temporary arrays
have been utilised for a number of previous studies (Jolly et al., 2018, 2017,
2012a). A range of different seismic signals are observed at White Island,
including VT seismicity, harmonic and non-harmonic volcanic tremor, spas-
modic bursts and LP seismicity (Sherburn et al., 1998; Jolly et al., 2017;
Nishi et al., 1996). Short-duration LP signals observed at the volcano have
emergent onsets, meaning that they cannot be located using traditional ar-
rival time picking (Nishi et al., 1996). Their frequency spectra are charac-
terised by a sharp peak at ∼2 Hz, with energy constrained over 0.5-4 Hz.
They can also appear in spatial clusters and display waveform self simi-
larity (Sherburn and Scott, 1993), indicating a non-destructive source. Such
waveforms have been observed to show similar frequencies at temporary seis-
mometers spread across the volcano, which has been interpreted as evidence
that the low frequencies are due to the source, as opposed to path effects
(Sherburn et al., 1998).
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Figure 4.10: Normalised waveform, PSD and spectrogram recorded for A)
a 16 second synthetic signal recorded following the propagation of the VT
source over a distance of 3 km through a nitrogen saturated White Island
ash tuff (Qp=9.4) and B) A 20 second example of a White Island short-
duration LP event recorded during February 1992 - from Sherburn et al.
(1998). For the Spectrogram intensities in Panel A, blue represents 0 and
red represents 1. For the spectrogram in Panel B, dark shades indicate high
energy and light shades low energy.

Figure 4.10 shows the synthetic waveform, PSD and spectrogram for the
White Island VT earthquake used as a source-time function in our homo-
geneous models, when propagated a distance of 3 km through media rep-
resenting nitrogen saturated tuff (using an expanded model with the same
fundamental properties (cell size, time step) as used previously), compared
to a short-duration LP recorded at White Island (Sherburn et al., 1998).
Both signals have a similar duration (∼5 seconds), a sharp dominant fre-
quency peak at 3 Hz and 2 Hz respectively and both show a small amount
of energy over 5 Hz.

Houghton and Nairn (1989) suggest the source of these LP White Island
earthquakes to be small gas explosions caused by magmatic heating of the
hydrothermal reservoir initiating resonance in viscous magma. Sherburn and
Scott (1993) on the other hand identified P- and S-wave phases in the signal
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and propose the source mechanism to be shear failure under low stress drop
in a ductile medium, where ductility and low effective stress is controlled by
the presence of hydrothermal fluids. Our modelling suggests that a classic
VT earthquake, travelling a relatively short distance through shallow, gas
or partially gas-saturated tuff deposits of the hydrothermal system could
generate a very similar signal. In particular, the small peak at 10 Hz in the
field signal, is shared by the synthetic signal for 1.5 km propagation distance
(Figure 4.8) and could represent a relic of high frequency VT content -
related to rock fracture - as it does in the modelled waveform. Although
the presence of consistent spectral peaks at different stations can be a good
indicator of a source process, high frequency peaks present in the source are
preferentially attenuated and can become lost in noise at relatively short
propagation distance.

One problem with this stated hypothesis - that the attenuation of a VT
source results in short duration LPs at White Island - is that it does not
account for observations of waveform similarities between the LP events
(Sherburn and Scott, 1993). As VT earthquakes are caused by brittle fail-
ure, they have a destructive source mechanism which alters the propagation
medium and prohibits waveform self-similarity. However, field observations
and modelling by Tuffen et al. (2003) and Neuberg et al. (2006) suggest
that seismogenic, brittle failure and subsequent welding of viscous magma
may act as a non-destructive, rechargeable trigger mechanism for hybrid or
LP earthquakes. This brittle deformation-welding paradigm is depth-limited
to the narrow zone of the brittle-ductile transition (Neuberg et al., 2006),
which can account for LP locations that are spatially clustered, as is the
case at White Island (Sherburn and Scott, 1993).

Meanwhile, periodic ‘drumbeat’ earthquakes with (often) self-similar
waveforms, resembling hybrid or LP seismicity, have accompanied a long-
term period of dome building (the extrusion of a solid dacite plug) at Mount
St Helens, USA (Morgan et al., 2008; Iverson et al., 2006). The earthquakes
are located <1 km below (or around) the extruding dome and have been
linked with oscillatory stick-slip motion at the boundary between the con-
duit and the ascending, solidifying magma plug (Iverson et al., 2006). A
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laboratory study designed to simulate this stick-slip mechanism (Kendrick
et al., 2014), utilising high-velocity, rotary-shear experiments on magma
samples, shows that frictional melting occurs at relatively low slip velocities
(0.1 m/s). The viscous melt resists ascent, slowing the plug before solidi-
fying and allowing pressure to build below the plug, in a rechargeable and
localised mechanism for seismicity. It is possible that a similar failure mech-
anism could operate at White Island and account for the self similarity of
short duration LPs.

Application to long duration LP seismicity

As has been previously discussed, most LP seismic signals are of significantly
longer duration than the modelled and recorded LP waveforms shown in
Figure 4.10. Therefore we ask the question: Can VT events come to resemble
longer duration LP signals?

A recorded VT signal could become increased in duration due to either
an increase in the source-time function itself, or as a result of scattering and
reflections along the propagation path. In either case, high frequency spec-
tral content in the source waveform could be depleted by strong attenuation
in the propagation media. Triaxial deformation experiments on White Island
rocks (Heap et al., 2015) show that compactant failure of ash tuffs generates
long duration, continuous acoustic emission signatures. In contrast, dilatant
lava failure results in shorter duration, higher energy events. Failure in tuff
samples therefore could represent a viable source for long-duration LP sig-
nals and this merits further investigation.

Bean et al. (2008) use 3-D full wavefield numerical simulations to explore
wave propagation effects in low velocity, shallow layers. They show that a
0.7 Hz Ricker source may be detected as a long lasting, ringing signal due
to wave entrapment by high impedance contrasts at stratigraphic and topo-
graphic boundaries. This occurs even when the wavelength is significantly
longer (4×) than the layer thickness. Stratigraphic impedance contrasts are
linked to lithology variations due to eruptive history, such as those between
low velocity ash tuffs and high velocity lavas, but the models do not ac-
count for intrinsic attenuation. Laboratory experiments have shown that
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high porosity tuff samples may be strongly attenuative under dry and wa-
ter saturated conditions (Vanorio et al., 2002; Pola et al., 2012), while in
Chapter 3 we find that fluid saturated, White Island tuff samples have lower
quality factors than lavas, when fracturing is accounted for.

Our 2-layer models (Figure 4.9) show that a high frequency (15 Hz), shal-
low Ricker source, is increased in duration and reduced in spectral frequency
content, when propagated through a high attenuation (Qp=10) tuff, bound
at the top by free surface topography and at the bottom by low attenuation
lava (Qp=∞). The signal duration increases with distance from the source
(Figure 4.9A - grey plot) and is strongly influenced by the quality factor of
the lava, due to the importance of critically refracted wave phases. Frequency
spectra shift to lower frequencies with increasing propagation distance (Fig-
ure 4.9C - grey plot), as waves travel further through the attenuating tuff.
The PSD of the modelled signal at 3 km epicentral distance shows several
spectral peaks, with a dominant peak frequency of 5.3 Hz. The spectrum is
higher frequency and broader bandwidth than would be expected for true
LP seismicity, but these features are dependent upon the properties of the
model medium and could be tuned to better resemble observed LP signals.

Results from the 2-layer models suggest that VT earthquakes might come
to resemble longer duration, LP seismic signals. However, it is unlikely that
such a process would result in the very narrow spectral peaks and slowly
decaying harmonic signals associated with very long duration Tornillo earth-
quakes (Gomez et al., 1999). Furthermore, our results do not preclude the
hypothesis that a low frequency mechanical source may closely resemble long
duration LP seismicity (Bean et al., 2014). In fact, the same simulations as
presented in Figure 4.9, when run using a 5 Hz Ricker source, show that long
duration, low frequency signals are recorded whether attenuation in the tuff
is high or low, providing that the quality factor in the underlying lava is
high (Appendix D.3 - Figure D.2).

Our layered model is greatly simplified in terms of its applicability to vol-
canic settings, as topography has not been included. The model of Bean et al.
(2008) includes the topography model and seismic stations from Mt. Etna
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volcano. Using sensitivity kernel analysis, they show that even topograph-
ical features outside the source-receiver path influence the recorded wave-
forms. For example, for a summit source and a flank receiver, the synthetic
wavefield has a significant contribution from the structure of the opposite
flank. Therefore, with realistic topography we would expect the complexity
of recorded signals to significantly increase.

4.5 Conclusion

We report on numerical simulations of wave propagation through viscoelas-
tic media, with velocities and attenuation characterised by ultrasonic exper-
iments on fluid saturated, White Island lavas and tuffs. At both laboratory
and field scales, waveform amplitude and frequency content are reduced as
intrinsic attenuation in the propagation medium increases.

Using a VT-type acoustic emission, detected during rock failure as a
source-time function, we model wave propagation through laboratory scale
tuff cores. We find that intrinsic attenuation can significantly distort the
detected signals, causing them to become much lower frequency. As passive
monitoring experiments commonly use AEs as a proxy for volcano seismic
signals (Burlini et al., 2007; Benson et al., 2008, 2010) and use spectral
content as a key indicator of source processes, this highlights the importance
of quantifying attenuation in these experiments.

At the field scale, we propagate a recorded Volcano-Tectonic earthquake
from White Island volcano through viscoelastic media. We show that when
Qp < 10, the resultant synthetic seismograms resemble short-duration LP
seismicity, detected at the same volcano. This occurs over relatively short
propagation distances (1.5 km - 3 km) in terms of volcano monitoring. We
hypothesise that such high attenuation may be common in high porosity
rocks, which host hydrothermal systems with a high amount of volatiles. To
confirm this, more field data is needed to quantify intrinsic attenuation in
shallow hydrothermal areas.
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Using a simple 15 Hz, Ricker wavelet source-time function to represent
a VT event, we model wave propagation in a shallow, low velocity tuff,
bound by an underlying, high velocity lava layer. When Qp is low in the
tuff, but high in the lava, the modelled signal can resemble long-duration
LP seismicity. The signal duration increases, and spectral content decreases,
with increasing propagation distance. This is due in part to the presence
of refracted waves, which propagate most of the source-receiver distance
through the lava layer. As such layered media are common at volcanoes, care
should be taken when interpreting volcano seismic signals as fluid-induced,
LP events and inverting for fluid properties.





Chapter 5

Final Conclusions and Future
Work

This thesis reports on laboratory experiments and numerical simulations
that primarily explore the relationship between volcano seismicity and fluids,
but also the impact of rock type and fractures. These three parameters
can influence both the source of volcanic earthquakes, as well as scattering
and intrinsic attenuation along the wave propagation path. In this section I
briefly recap the main conclusions from the previous chapters, discuss some
of the key limitations in the results and suggest avenues of future work.

5.1 The relation between viscosity and

acoustic emissions as a laboratory

analogue for volcano seismicity

In Chapter 2 we use passive ultrasonic experiments to examine key charac-
teristics of acoustic emissions generated by rock fracture and the subsequent
depressurisation of fluids of variable viscosity through the damage zone. We
attempt to answer the research question: How do the specific seismic indi-
cators; the amount, rate, type and spectral character of volcano seismicity,
relate to fluid viscosity? By focusing our analysis on waveform and frequency
characteristics of events with the highest amplitude signal (proxy for nearest
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sensor to the AE source) of a dense receiver array, path effects are minimised.
The key findings are:

• The number and initial rate of AEs induced by fluid depressurisation
inversely correlates with the fluid viscosity. Therefore the movement
of gases and hydrothermal fluids might generate significantly more
seismicity than magma migration.

• High frequency, VT-type AEs with a characteristic spectral frequency
of ∼350 kHz dominate the fracturing process, but are also present
during fluid venting.

• Low frequency LP and/or hybrid- type AEs with well defined LP codas
are generated during the depressurisation of all fluids.

• A bimodal distribution of dominant frequencies of AEs detected during
water venting suggests two distinct source mechanisms.

• Long-duration, monochromatic, low frequency tremor signal is gener-
ated during the initial second(s) of nitrogen venting, suggesting it may
be more related to the movement of low viscosity gas or hydrothermal
fluid, rather than magma.

• The dominant frequency of tremor is similar to that of discreet LPs de-
tected simultaneously, but differences in signal attributes likely reflect
differences in the source of these two event types. This contravenes the
common assumption that tremor and discreet LP events represent a
transient vs continuous excitation of the same resonator.

• The peak dominant spectral frequency of AEs induced by fluid depres-
surisation inversely correlates with fluid viscosity. This was originally
thought to be due to increasing attenuation causing the preferential
loss of high frequencies. However, further investigation (Chapter 3)
shows that this is not the case, as attenuation in fluid-saturated rocks
at ultrasonic frequencies decreases with fluid viscosity. An alternative
interpretation is that the viscous glycerol solutions move more slowly
in response to depressurisation than gas or water and therefore induce
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fewer high frequency VT-type AEs of mechanical origin, while the
mechanism that generates low frequency LP seismicity is less affected.

The above conclusions help shed light on how different processes and fluid
properties may effect volcano seismicity but the experiment does have sev-
eral limitations. The fluids used aim to explore the role of fluid viscosity
on induced seismic signals but are single phase, homogeneous and Newto-
nian and do not represent the multiphase, non-Newtonian fluids present in
the volcanic environment (see Appendix A.5). Also, the depressurisation ex-
periments model a transient pulse in fluid pressure and may not represent
seismicity trends generated by longer lasting pressure differentials.

Furthermore, the same rock and fracture network is used as the medium
for all fluid depressurisation experiments. Fluids are purged thoroughly from
fractures following venting, but repeating vents could cause changes in frac-
ture permeability due to the removal of gouge/clasts or the loss of frac-
ture sealing. This has the potential to effect the number of detected events
with each fluid. However, inspection of velocity surveys from ray paths sub-
orthogonal to the main fracture planes show no changes in velocity, outside
of measurement error between vents, suggesting that significant permeabil-
ity changes are not occurring as a result of venting. Having said this, as the
sensitivity of wave speeds and permeability to the microstructure are not
always equal we cannot be sure that such changes do not occur.

5.2 The influence of fluid type on elastic wave

velocity and attenuation in volcanic rocks

In Chapter 3 we use active source ultrasonic experiments to explore the role
of wave propagation effects on seismic signals in fluid-saturated, volcanic
(and analogue) rocks from White Island. We quantify changes in P-wave
velocity, Vp and quality factor, Qp as a function of fluid viscosity and bulk
modulus, rock porosity and fracturing. We find that:
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• At ultrasonic frequencies Vp and Qp correlate with the viscosity and
bulk modulus of the saturating fluid and inversely correlate with sam-
ple and fracture porosity.

• Sample porosity controls the sensitivity of Vp and Qp to fluid changes.

• Vp is sensitive to, and can be used to differentiate rock type, regardless
of fracturing or pore fluid.

• Qp is more sensitive to changes in fluid properties than Vp, increas-
ing by up to 383% as the fluid changes from gas to glycerol and is
therefore well suited to monitoring changing gas content in magma
and hydrothermal fluids.

• Qp quantifies the total attenuation due to both intrinsic and scatter-
ing processes. Wave attenuation and velocity modelling at ultrasonic
frequencies suggests that scattering dominates when gas is the pore
fluid and intrinsic attenuation dominates when the rock is saturated
with liquids.

• Comparison of velocities and quality factors with those from other
laboratory and field studies suggests that low values associated with
nitrogen saturation, represent media saturated with gas or gas-charged
hydrothermal or magmatic fluids, although intrinsic rather than scat-
tering attenuation mechanisms may dominate in these cases.

The most challenging aspect of Chapter 3 is scaling trends in ultrasonic
P-wave velocity and attenuation to field frequencies. We attempt to do this
by identifying the dominant loss mechanisms at play through rock physics
modelling and extrapolating the models to the seismic frequency domain.
We identify that intrinsic squirt flow accounts for velocities and attenuation
in water and glycerol saturated rocks but scattering likely dominates in
nitrogen saturated rock. These conclusions are based on models of the intact
ash tuff T1, as the rock porosity and permeability are better constrained in
this rock than the samples which underwent fracturing. As T1 is intact, it
may underestimate the importance of scattering in the fractured samples.
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We are limited in our ability to scale scattering attenuation from ultra-
sonic to seismic frequencies, as both the scale of the wavelength and the scale
of heterogeneities change. However, as scattering is caused by impedance
contrast heterogeneities, the amount of scattered energy is expected to de-
crease with increasing pore fluid density and wave velocity (Table 3.2), re-
gardless of scale. Scaling of Biot attenuation to seismic frequencies shows
that as in the ultrasonic experiments, Biot flow results in negligible atten-
uation. For most pore fluids in sample T1, squirt flow acts in the low fre-
quency, relaxed regime at seismic frequencies and cannot be used to upscale
attenuation and wave velocity, as results are not consistent with Gassman’s
equations. For a rock saturated with viscous 100 % glycerol, squirt flow
modelling at seismic frequencies results in a low Qp of 4-6, which is in con-
trast to values measured in the ultrasonic experiments, where Qp was the
highest out of all pore fluids. A key limitation of this experiment then, is
that the relationship observed between pore fluid viscosity and attenuation
may not hold at field scales (although it is useful in interpreting results from
laboratory AE experiments (Chapter 2)). Despite this, the range of quality
factors measured across the fluid set are comparable with values measured
in hydrothermal systems at volcanoes. Although the relationship between
fluid viscosity and quality factor may not translate to the field, our other
conclusions are unaffected and are expected to be applicable at volcanoes.

5.3 LP or VT signals? How seismic wave

attenuation influences volcano seismicity

signatures

In Chapter 4 wave velocities and quality factors measured in Chapter 3 are
used to define viscoelastic media for Spectral Element Method simulations of
wave propagation at laboratory and field scale. Recorded VT-type signals at
both scales are used as source-time functions for a number of the simulations.
The aim is to understand how distortions due to path effects can obscure
the source signature of volcano seismic signals. In particular we investigate
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whether strong attenuation due to fluid-saturated media might cause VT
earthquakes to resemble LPs. Key results are:

• Wave propagation through low quality factor media reduces the am-
plitude and spectral content of both ultrasonic and seismic waves.

• Waveforms and frequency spectra of VT-type AEs induced during lab-
oratory rock fracture can be strongly distorted following propagation
through low quality factor media. The resultant synthetic signals re-
semble those events classed as LP- or hybrid-type in Chapter 2 in the
frequency domain, but waveforms and spectrograms are not a good
match for experimental data. Path effects should be considered in fu-
ture laboratory AE studies.

• Propagation of a White Island VT earthquake through a low velocity,
low quality factor (Qp < 10) homogeneous medium, representing ash
tuff saturated with gas or gas-charged hydrothermal fluids, causes the
depletion of high frequencies over relatively short propagation distance
(1.5 km). Resultant synthetic seismograms resemble short-duration LP
earthquakes detected at the same volcano.

• Seismic wave energy from a shallow source can become trapped in
low velocity tuff layers by scattering from impedance contrasts with
higher velocity strata (lavas) and the free surface topography. The
long durations are caused by a combination of wave reflections and
refractions. A high frequency shallow source may present as longer
duration, low frequency signal if attenuation in the tuff is high and
attenuation in the lava low. If attenuation in both tuff and lava is low,
the synthetic signal is of short duration and low frequency.

Although VT and LP events are usually hypothesised to have different
source mechanisms, these results suggest that VTs (due to rock fracture) may
be significantly distorted by propagation effects and present as LPs (usually
associated with the resonance of a fluid-filled crack or conduit). Previous
works have suggested that some LP events may be a result of a low frequency,
mechanical source in conjunction with scattering effects. Our results suggest
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that a low frequency source is not required and that given highly attenuative
conditions, which might be met in shallow hydrothermal systems, classic VT
earthquakes can present as either short- or long- duration LP seismicity.

Our observations in no way rule out other mechanisms, such as slow-
rupture mechanical failure or crack and conduit resonance as mechanisms
for the generation of LP seismicity. Meanwhile, our results suggest that VTs
are unlikely to be misclassified as LPs if sensor coverage is dense and/or
sensors are within 1500 m of the earthquake source. Furthermore, our anal-
ysis focuses purely on the waveform and frequency content of the synthetic
signals. While these are key in identifying different classes of volcano seis-
micity, we do not consider how the various models affect waveform polarity
and moment tensors, which are also important.

We should make the reader aware of the following limitations in the
numerical simulations, providing context to our conclusions. The VT-type
events used as source mechanisms in some of the simulations have already
propagated some distance from the source prior to them being recorded and
so themselves are a convolution of source and path effects. Therefore these
path effects are propagated through the model medium and might affect in-
terpretations. Moreover, our input quality factors are based on estimates of
total attenuation measured at ultrasonic frequencies, but are input as intrin-
sic quality factors to define the viscoelastic media. The values are consistent
with seismic (and sonic) observations of quality factors, but these generally
also measure total attenuation. As scattering and intrinsic attenuation affect
seismic signals in different ways, our experiments require detailed studies of
intrinsic attenuation in shallow hydrothermal systems and gas reservoirs to
validate conclusions.

5.4 Future work

The work presented in this thesis highlights the role that controlled labo-
ratory experiments in particular can have in increasing our understanding
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of the complex processes associated with volcano seismicity. Although we
focus primarily on the effects of fluid viscosity on volcanic earthquakes, the
importance of dual-phase fluids and particularly gas-liquid mixtures present
in shallow hydrothermal systems, on both volcano hazard potential and
seismic signatures is frequently emphasised. Both passive and active source
experiments detailed in Chapter 2 and Chapter 3 could be adapted rela-
tively simply to study the effects of increasing gas bubble volume on seismic
waves.

An avenue of particular interest is to design passive source AE experi-
ments to build a large event catalogue of LP- (or tremor-) type AEs specif-
ically, and investigate how spectral attributes of the source, such as the
dominant peak frequency and the signal quality factor, vary with changes
in gas volume among these signals, in a statistically significant way. Re-
sults could be tested against the fluid-filled crack model (Chouet, 1996) and
used to validate field interpretations of time-lapse changes in LP seismicity,
which are commonly interpreted as being due to changes in resonance with
gas-volume fraction (Kumagai et al., 2002).

Furthermore, although our results in Chapter 4 suggest that VT earth-
quakes may come to resemble LP events with distance from the source,
Bean et al. (2014) suggest that short-duration LPs may be generated at the
source by slow rupture velocities. Passive source AE experiments offer the
perfect medium to investigate this hypothesis, with carefully designed tests
to control the speed of failure. Heap et al. (2015) have shown differences
in the characteristics of AEs generated by dilatant failure of White Island
lavas in comparison to compactant failure or pore collapse of weaker ash
tuffs. Although our own fracturing experiments on tuff and lava at the same
axial deformation rate, showed no difference in the dominant frequency of
AEs associated with the failure of each material (Appendix B- Figure B.2),
exploring the spectral parameters of failure induced AEs, when these two
lithologies are deformed under differing conditions, could greatly improve
our knowledge of the still enigmatic LP signals.



Appendix A

Appendix A provides additional information and figures relating to Chap-
ter 2: The relation between viscosity and acoustic emissions as a laboratory
analogue for volcano seismicity.
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A.1 Experimental schematic
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Figure A.1: Experimental schematic showing the sample inside the triaxial
stress cell. Axial load is applied via the actuator pump to fracture the dry
sample. Pressurised pore fluids are supplied via the fluid pump and subse-
quently depressurised upon opening of the ball valve. Experiments are con-
ducted for two effective pressure conditions; Pe = 5 MPa and Pe = 20 MPa.
For the Pe = 5 MPa experiment, a confining pressure (Pc) of 40 MPa and
a pore pressure (Pp) of 35 MPa are used for all fluids with the exception
of nitrogen gas for which Pc = 25 MPa and Pp = 20 MPa. This pressure
difference is due to the necessity of supplying nitrogen gas from a 20 MPa
pressurised bottle, rather than the fluid pump. For the Pe = 20 MPa exper-
iment, Pc = 40 MPa and Pp = 20 MPa for all fluids.
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A.2 Cumulative AEs for Pe=5 MPa and

Pe=20 MPa depressurisation experiments
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Figure A.2: Cumulative number of acoustic emissions induced by fluid type
for the Pe = 5 MPa experiment during 1 hour post depressurisation and
data for the first 30 seconds post depressurisation (inset plot). Time t = 0 s
represents the pressure release moment of each fluid relative to nitrogen
venting.
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Figure A.3: Cumulative number of acoustic emissions induced by fluid type
for the Pe = 20 MPa experiment during 1 hour post depressurisation and
data for the first 12 seconds post depressurisation (inset plot). Time t = 0 s
represents the pressure release moment of each fluid relative to nitrogen
venting.
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A.3 2D XRCT scan with superposed AE

locations
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Figure A.4: X-ray computerised tomography slice with projected Acous-
tic Emission (AE) locations. Panel A) shows the induced fracture network.
Panel B) shows the fracture network with superposed (2D projected) AE
locations for both sets of depressurisation experiments, colour-coded by the
fluid type which induced the event. Only AEs located in the region X=-0.75
to 0.75 cm are plotted. Cluster 2 AEs are highlighted by the black circle.
These events are associated with a complex zone of intersecting fractures
with tortuous fluid pathways. Please note that the data has been rotated
into the plane of the XRCT image and so the Y axis is defined differently
from that in Figure 2.1.

A.4 Tremor signal
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Figure A.5: Waveforms, power spectra and spectrograms for long duration,
monochromatic, tremor-like signal generated during Pe=5 MPa nitrogen de-
pressurisation. The full tremor signals are recorded over a duration of 1.17
seconds and 0.56 seconds of the depressurisation experiments for Pe = 5 MPa
and Pe = 20 MPa respectively. Panel A) 3000 µs record of continuous
‘tremor’ (Event 9, S18). Note the higher frequency, broader band Volcano-
Tectonic (VT) event observed at ∼ 800 µs. Panel B) Magnified perspective
of the signal over the time range 1250-1650 µs.
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Figure A.6: Waveforms, power spectra and spectrograms for Long Period
(LP) events and tremor signal generated during Pe=5 nitrogen depressuri-
sation. A) Event 1, Sensor 18 - An LP event that immediately precedes the
onset of tremor signal, B) Event 11, Sensor 14 - An LP event recorded dur-
ing the tremor period, C) Event 5, Sensor 18 - One pulse of tremor signal.
Power spectra are computed over a time window of 400 µs in each case.
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A.5 A note on magma viscosity and rheology

in relation to the depressurisation

experiments

Our experiments aim to shed some light into the role fluid viscosity has on
volcano seismicity. In magmatic and hydrothermal systems, fluids have a
logarithmic range of viscosities as a result of fluid type, temperature and
rheological processes. Magma rheology is complex including varying gas vol-
umes and fractional crystallisation Moreover, the rheological response of
magma is both total strain (Kendrick et al., 2013) and strain rate controlled
(Lavallée et al., 2007). Indeed magma itself can fracture (Lavallée et al.,
2008). Our experiments target understanding viscosity as a first order con-
trol on acoustic emissions. Accounting for complex magma rheology, the
presence of multiple phases, or fluid flow type (e.g. laminar or turbulent) is
beyond the scope of this study.





Appendix B

Appendix B briefly presents results from analysis of AE datasets associated
with deformation and fluid depressurisation experiments on 4 additional
samples comprising White Island lava, ash tuffs and an additional American
Black Granite (ABG) sample used as a lava analogue.
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B.1 Method

The experimental conditions for deformation and fluid depressurisation
stages are based on 1) the physical properties of the test sample and 2)
A drive to optimise the number of AEs generated by fluid depressurisation
through the fracture network and are summarised in Table B.1. All sam-
ples were characterised by density, porosity and permeability measurements
pre-deformation and XRCT imaging pre- and post-deformation. For details,
please see Chapter 3 - Table 3.1 and Figure 3.1. Sample G2 refers to the
American Black Granite used in Chapter 2.

B.1.1 Deformation

Samples were deformed by applying axial load in a triaxial stress cell at
a constant strain rate of 1 × 10−6 under dry conditions. A low confining
pressure of 1 MPa essentially relates to uniaxial deformation and produces
a damage zone of vertical to sub-vertical intersecting fracture planes. A
higher confining pressure of 40 MPa relates to a true triaxial deformation
and generates a shear fracture set. For triaxial deformations (sample G1),
a 3 mm conduit is drilled through the centre of the long axis of the intact
sample with a diamond tip drill to allow fluid to quickly access and exit the
fracture zone. Benson et al. (2008) utilise a conduit and shear fracture in a
similar way in Mt Etna Basalt and successfully generate AEs resembling LP
seismicity by fluid depressurisation through the damage zone. They verify
that ‘the presence of the conduit does not substantially affect the mechanics
of deformation and failure’ by conducting identical experiments without a
conduit. Sample T2 was not deformed in order to test the effects of fluid
depressurisation on an intact, high permeability sample. However, during
loading the sample failed along a narrow horizontal band as Pe was increased
beyond 13 MPa. Therefore the sample cannot be classed as intact for the
depressurisation experiments.
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B.1.2 Fluid depressurisation

Fluid depressurisation experiments were carried out according to the proce-
dure outlined in Chapter 2, using the full set of saturating fluids (Table 2.1).
For samples G1 and L1 Pc remains constant at 40 MPa. For G1 two sets of
venting experiments are carried out at Pe=5 MPa and Pe=20 MPa. For L1,
one set of depressurisation experiments are carried out at Pe=20 MPa. For
tuffs T1 and T2, Pc is set to 8 MPa and one set of venting experiments is
carried out for each sample at Pe=1 MPa. A lower Pc was used for the tuff
experiments, as failure was found to occur at ∼13 MPa, which significantly
altered the rock properties.

Sample Lithology Deformation Pc|Pf |Pe(MPa)

L1 Lava Uniaxial 40|20|20

40|20|20G1 ABG Triaxial with conduit
40|5|35

T1 Ash Tuff None* 8|7|1

T2 Ash Tuff Uniaxial |8|7|1

Table B.1: Summary of conditions for rock deformation and fluid depressuri-
sation experiments on additional samples. Pc,Pf and Pe are the confining,
fluid and effective pressures used for the fluid depressurisation stages. * T2
was not deformed but failure did occur during loading and the sample cannot
be considered intact for the purposes of fluid venting experiments.

B.2 Results and Discussion

B.2.1 Number of AEs

Figure B.1 presents the number of AEs recorded in one hour following de-
pressurisation of saturating fluids, for each Pe test in the additional samples.
In all cases the number of AEs induced is small in comparison to the exper-
iments on sample G2 (Chapter 2), but the results show the same trend of a
decreasing number of events with increasing viscosity. The lack of induced
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AEs in these venting tests means that the scope of analysis for these data
is limited.
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Figure B.1: The number of acoustic emissions (AEs) induced by fluid type in
one hour following fluid pressure release, from varying effective pressures, Pe
in each of the samples G1 (A), L1(B), T1(C), T2(D). No data were recorded
for nitrogen venting in sample G1 at Pe=5 MPa or for 85 % glycerol venting
in the sample T2 experiments.
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B.2.2 Frequency analysis

As in Chapter 2, AEs resembling VT-, hybrid- and LP-type events are ob-
served during these experiments. Long duration tremor-like signal is ob-
served only during the first second of nitrogen venting in fractured tuff T1,
but the signals are of higher frequency and broader bandwidth than those
observed for sample G2 (Figure 2.1E). This might be due to differences in
fluid pathways between the two samples.

Figure B.2 presents the mean dominant spectral frequency of AEs
recorded during the deformation (fracture) stage and fluid depressurisa-
tion stages, for each of the experimental samples. Consistent with results
presented in Chapter 2, Figure B.2 shows that rock fracture and nitrogen
depressurisation are associated with a mean dominant frequency of AEs of
∼350 kHz. Although not shown here, the KDE distribution for AE domi-
nant frequency for nitrogen venting are broader and lower frequency than
that for rock fracturing in all samples, consistent with results presented in
Figure 2.3(A-B).

For the fluid depressurisation experiments, a trend of decreasing mean
frequency with increasing fluid viscosity is observed in all samples. Although,
it is difficult to draw robust conclusions for the relationship between dom-
inant spectral frequency and fluid viscosity, due to the low number of AEs
- particularly for the more viscous fluids - the fact that this trend is seen
across samples, suggests that the relationship is real and not an artefact
caused by insufficient data. In Chapter 2 we observe a similar trend in the
peak frequency of the KDE distributions for AE dominant frequencies (Fig-
ure 2.3D) and suggest that this might be the result of increasing attenuation
with viscosity. However Chapter 3 shows that attenuation in fluid saturated
rocks at ultrasonic frequencies decreases with fluid viscosity, ruling out this
hypothesis. Venting experiments for the viscous glycerol mixtures generated
only very few events and we observe that a relatively high proportion of
these appear as LP-type or hybrid-type AEs with low dominant frequencies.
The reason for this might be that viscous fluids move slowly in response
to depressurisation and therefore induce fewer VT-type events of mechani-
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Figure B.2: The mean dominant spectral frequency of acoustic emissions
detected during the deformation stage (Fracture) and the depressurisation
of each fluid through the damage zone as a function of experimental sample.
Error bars represent the standard deviation in mean dominant frequencies.
Where error bars are not displayed, this is because only one data point was
available. The data presented here relates to experiments at Pe=5 MPa for
G1, Pe=20 MPa for L1 and Pe=1 MPa for T1 and T2. Although T2 was not
purposefully fractured, AEs were recorded during its failure and their mean
spectral frequency are presented here as ‘Fracture’.

cal origin. In contrast the mechanism that generates LP seismicity in these
samples might be less affected.



Appendix C

Appendix C provides additional information, theory and figures relating to
Chapter 3: The influence of fluid type on elastic wave velocity and attenua-
tion in volcanic rocks.
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C.1 Attenuation by Spectral Ratios

C.1.1 Spectral Ratio theory

Seismic wave attenuation is the frequency dependent loss of waveform am-
plitudes (or energy) with propagation distance. Wave energy detected at a
receiver can be lost by geometric spreading as the wave-front expands, as
thermal energy to the surrounding media (intrinsic attenuation) or due to
scattering by irregularities in the propagating medium.

Attenuation is quantified by the quality factor, Q - a measure of the
energy lost per wavelength. For a wave propagating through a medium, the
amplitude spectrum A(f) may be given by:

A(f) = A0G(x, f)e−α(f)xei(2kft−kx), (C.1)

where A0 is the amplitude spectrum at the source, x is propagating distance,
k is wavenumber, f is frequency, G(x, f) is the geometrical factor repre-
senting transmission and reflection losses including those due to geometric
spreading and α(f) is the frequency dependent attenuation coefficient.

Q is related to α(f) by:

Q = πf/α(f)v, (C.2)

where v is the wave velocity and may be determined in the laboratory by
the spectral ratio method (Toksöz et al., 1979).

The spectral ratio method compares the amplitude spectra of a reference
sample A1 to the sample of interest A2. Because measuring the amplitude
spectra of the source is complex, we assume that if we have a low attenuation
(high Q) reference sample, the amplitude spectra of the propagating wave
is representative of the source. Given the same transducer response and
geometry for the reference and sample, G(x, f) is considered independent
of frequency and position (Toksöz et al., 1979). Meanwhile for ultrasonic
frequencies α(f) is considered to vary linearly with frequency, so that:

α(f) = χf (C.3)
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where χ is a constant. This has the effect that Q is considered independent
of frequency over the ultrasonic range.

Using Equation (C.1) and taking the natural logarithm of the ratio of
the reference and sample spectral amplitudes gives:

ln(A1(f)/A2(f)) = (χ2 − χ1)xf + ln(G1/G2), (C.4)

For a lossless (high Q) sample χ1 ' 0 and by equation (C.4), χ2

can be obtained from the gradient of linear regression through the plot
ln(A1(f)/A2(f)) vs f . Q is then obtained from substitution of equation (C.3)
into equation (C.2).

C.1.2 Spectral Ratio methodology

Here follows a step by step guide to the methodology used in this study
to calculate P-wave quality factor, Qp using the spectral ratio technique.
P-wave velocity, Vp is also determined during this process. The reference
sample used is an intact granite sample (with pre-drilled conduit) under a
confining pressure of 40 MPa. Below are outlined the steps taken, which are
illustrated in Figure C.1.

1. Windowing and alignment:Windowing allows selection of the same
arrival (P-wave) on the same sensor, for waveforms through both the
reference and experimental samples. A Dynamic time warping ap-
proach is used to select the time of onset, ti (which is used to calculate
P-wave velocity) and the time after 1.5 cycles (tf ) for both cases.
The signals are then extracted from the start of the trace to time tf .
The two waveforms are then aligned so that the positive peak of the
first-arrival occurs at the same instant relative to the beginning of the
window. These are important steps as the frequency content and Qp

estimation are sensitive to windowing.

2. Tapering: Tapering is applied to smooth the edges at the beginning
and end of the signal. If not accounted for, these discontinuities result
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in spurious frequencies - known as spectral leakage - during the Fourier
Transform process. A 20 % cosine filter is applied at this stage.

3. Padding: The tapered waveforms are padded from the end of the
signal to the same number of samples (4096). This ensures the windows
are of consistent length, provides better interpolation in the frequency
domain and is more efficient on application of the Fourier Transform.

4. Multitapered spectral analysis: Power Spectral Densities (PSD)s
are estimated for the reference and test waveforms using a multi-
tapered spectral analysis method (Prieto et al., 2009). In this approach
the waveforms are multiplied by a series of orthogonal tapers before
application of a Fast Fourier Transform. This provides multiple in-
dependent estimates of the PSD which are then averaged to reduce
random variability, further reducing spectral leakage. The error in the
approach is quantified as 95 % confidence intervals calculated through
a jackknife method.

5. Taking the spectral ratio and estimating Qp: Qp is estimated
according to the procedure described in Appendix C.1.1 from the gra-
dient of a linear regression through the plot of ln(A1(f)/A2(f)) vs f .
In order to obtain an optimal signal to noise ratio, the regression is
taken over the frequency range where the spectral amplitude of the
waveform through the test sample is at least 25 % of the maximum
spectral amplitude. R2 values are calculated for the regression to quan-
tify the goodness of fit to a straight line and results are discarded where
R2 < 0.9. The standard error for gradient is propagated into the error
calculation of Qp.
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Figure C.1: Six panels showing the stages of the spectral ratio method ap-
plied to calculate Qp. Panel 1 - isolate first arrival, pad zeroes, align wave-
forms (unaligned here). Panel 2 - pick arrival times and velocities from DTW
(Durán et al., 2018a). Panel 3 - calculate PSD. Panel 4 - plot spectral ratios
and calculate linear regression parameters. Panel 5 - Calculate Qp. Panel 6
- Plot peak frequencies.
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C.2 BISQ modelling

C.2.1 BISQ theory

In this section we provide the equations used in the BISQ model Dvorkin
et al. (1994) to calculate P-wave velocity, Vp and quality factor, Qp. For a
more detailed account of the BISQ theory we refer readers to (Dvorkin et al.,
1994) or (Mavko et al., 2009).

Vp =
1

Re(
√
Y )
,

Qp =
Re(
√
Y )

2 Im(
√
Y )
,

(C.5)

Y = − B

2A
−

√(
B

2A

)2

− C

A
, (C.6)

where:
A =

φFsqMdry

ρ22
, (C.7)

B =
Fsq

(
2γ − φ− φρ1

ρ2

)
−
(
Mdry + Fsq

γ2

φ

)(
1 + ρa

ρ2
+ iωc

ω

)
ρ2

(C.8)

C =
ρ1
ρ2

+

(
1 +

ρ1
ρ2

)(
ρa
ρ2

+ i
ωc
ω

)
(C.9)

Fsq = F

[
1− 2J1(λR)

λRJ0(λR)

]
(C.10)
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λ =

√
ρfω2

F

(
φ+ ρa/ρf

φ
+ i

ωc
ω

)
(C.11)

ρ1 = (1− φ)ρg, ρ2 = φρf , ρa = (1− α)φρf (C.12)

ωc =
µfφ

kρf
, γ = 1− Kdry

Kg

,
1

F
=

1

Kf

+
1

φKg

(
1− φ− Kdry

Kg

)
. (C.13)

The input parameters are defined in Table C.1. J0 and J1 are Bessel
functions of zero and first order respectively.

C.2.1.1 Biot formulas

By setting Fsq = F the BISQ equations give the Biot theory equations for
Vp and Qp.

C.2.1.2 Low frequency (Squirt) formulas

When ωc

ω
= µφ

kρfω
� 1 the following simplified expressions can be used for Y

and Fsq:

Y =
ρ1 + ρ2

Mdry + Fsqγ2/φ
, (C.14)

Fsq = F

[
1− 2J1(ξ)

ξJ0(ξ)

]
, (C.15)

where

ξ =
√
i

√
R2ω

κ
, κ =

kF

µfφ
(C.16)

This removes the Biot component of BISQ flow leaving the ‘squirt’
component in which viscoelastic behaviour depends upon the diffusivity,
κ (Dvorkin et al., 1994).
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C.2.2 BISQ parameters

Most of the modelling parameters required for the BISQ model are well
constrained in sample T2 and are defined in Table C.1. ρg, Kg and Gg are
taken from values for the mineral quartz (Mavko et al., 2009). Kdry, Gdry

and Mdry were calculated by the equations:

Gdry = ρ1V
2
S ,

Mdry = ρ1V
2
P ,

Kdry = Mdry −
4

3
Gdry,

(C.17)

where VP=1870 and VS=1160 are the dry P-wave and S-wave velocities
measured at atmospheric conditions.

The parameters α and R are unknown. Based on a study by Stoll (1974),
we estimate α=1.25 consistent with values for coarse grained sands. R is
unconstrained and could be highly variable (Marketos and Best, 2010). We
run the squirt simulations for three values of R; R=0.3 mm (0.1×grain size),
R=3 mm (grain size) and R=30 mm (10×grain size). The average grain size
was estimated to be 0.3 mm based on a high resolution scan of the sample
end face (Appendix C.2.3 - Figure C.2).
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Symbol Property Value

ρg Grain density 2650 kg/m3

Kg Grain bulk modulus 37 GPa
Gg Grain shear modulus 44 GPa
ρf Fluid density see Table 3.2
µf Fluid viscosity see Table 3.2
Kf Fluid bulk modulus see Table 3.2
φ Porosity 0.43
k Permeability 7.6 ×10−13 m2

Kdry Dry-rock bulk modulus 2.6 GPa
Gdry Dry-rock shear modulus 2.0 GPa
Mdry Dry-rock uniaxial-strain modulus 5.1 GPa
α Tortuosity 1.25
R Characteristic squirt-flow length 0.3 mm, 3 mm, 30 mm
ω Angular frequency 2.2×106 rad/s

Table C.1: Table documenting the symbols, parameters and their values used
in BISQ modelling of tuff sample T2.
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C.2.3 Grain measurement

10 mm 1 mm

Figure C.2: Scanned photographs (4200 dpi) of T2 companion sample. The
black box designates the area of interest in the right panel which shows the
size of individual grains more clearly.
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C.3 Longer waveform frequency analysis

Analysis of longer waveforms recorded over 60 µs (as opposed to the first
arrival) show a correlation between waveform (and spectral) amplitude and
fluid viscosity (and bulk modulus) (Figure C.3). Normalised PSD plots dis-
played in Figure C.3 show a comparison between the frequency spectrum
of the ultrasonic source (dashed black line) - which is approximated by a
survey through a dry, intact granite sample at Pe=1 MPa - and waveforms
propagated through fluid saturated samples G2, T1 and T2. In tuffs T1 and
T2 frequency spectra of the propagated waveforms closely resemble that of
the source for most pore fluids, with a single frequency peak with energy in
the range 280-400 kHz. The exception to this is when nitrogen in the pore
fluid. In intact T2 some additional energy is present at lower frequencies,
while in fractured T1 (φf=1.3 %), a secondary low frequency at 211 kHz is
clearly observed. The highly fractured granite sample G2 (φf=9.0 %) shows
at least 2 modes for all fluids, with the nitrogen saturated sample showing 3
(or 4). This dependence of the number of modes on the amount of fractur-
ing in the sample and on the type of pore fluid (liquid or gas) suggests that
scattering may be a significant attenuation mechanism in the fractured and
nitrogen saturated samples.
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A - G2 B - T1 C - T2

Figure C.3: Waveforms, PSDs and normalised PSD plots for ultrasonic sur-
veys through samples A) G2 (S1-S19), B) T1 (S1-S19) and C) T2 (S20-S12),
when saturated with each of the fluid set. Included as black, dashed lines in
normalised PSD plots are data for an ultrasonic survey through an intact
granite sample, which is thought to closely resemble the source waveform.
All PSDs are calculated from waveforms of 60 µs duration.
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Appendix D provides additional information and figures relating to Chap-
ter 4: LP or VT signals? How seismic wave attenuation influences volcano
seismicity signatures.

D.1 The Spectral Element Method

The Spectral Element Method (SEM) solves a weak form of the wave equa-
tion on an element mesh, in which free surface boundary conditions are auto-
matically satisfied, meaning that topography can be easily accounted for and
surface waves are accurately modelled (Komatitsch and Tromp, 1999). The
wavefield across each element is sampled at Gauss Lobatto Legendre (GLL)
points using high order polynomials and integrated using the Gauss Lobatto
Legendre rule. This results in a perfectly diagonal mass matrix, which leads
to a simple, fully explicit time scheme (Cristini and Komatitsch, 2012) in
which the wavefield is computed from values at the previous time step.

D.1.1 Stability

Our modelling uses (square) mesh elements with a size, dx that is of the
order of the wavelength and a polynomial degree, N=4. This gives at least
(N+1)2 = 25 GLL points per element and results in 5 points per wavelength
(Cristini and Komatitsch, 2012), which is sufficient to give accurate results
with very low (< 0.3 %) numerical dispersion (De Basabe and Sen, 2007).
We utilise a 2nd order Newmark time scheme (Komatitsch et al., 2002),

163



164

with a time step, dt that meets the Courant-Friedrichs-Levy (CFL) stability
condition:

Vp
dt

dx
< C, (D.1)

where Vp is the (fastest) P-wave velocity of the medium and C=0.697 is
the Courant number for the specified time scheme and polynomial degree
(Komatitsch and Tromp, 2015).

D.1.2 Viscoelastic attenuation

Viscoelastic attenuation in the medium is modelled by an array of 3 Standard
Linear Solids (SLS) arranged in parallel. An SLS is mechanically analogous
to a spring of rigidity K1 and dashpot of viscosity, µ1 in parallel, connected
to a spring of rigidity K2 in series (Jousset et al., 2004). These material
parameters are related to relaxation times in stress, τσ and strain, τε by:

τσ =
µ1

K2

, τε =
µ1

K1

+
µ1

K2

(D.2)

τσ and τε can in turn be related to a frequency dependent quality factor
Q(ω) (O’Brien and Bean, 2009) by:

Q(ω) =
1 + ω2τετσ
ω(τε − τσ)

(D.3)

where ω is the angular frequency. The model uses constant values of Qp

and Qs over the seismic frequency range (Komatitsch and Tromp, 1999),
which can be attained by using multiple SLS (or sets of relaxation times)
using a curve fitting procedure (Carcione et al., 1988). For treatment of
viscoelastic/rheological models of volcanic media we direct the reader to
(Jousset et al., 2004).

D.1.3 Model parameters

Vs is calculated from a fixed Vp/Vs=1.9 for lava samples and Vp/Vs=2.0 for
tuffs. These values are consistent with bench-top water saturated measure-
ments on lava (MF21) and tuff (SV11) samples of similar physical properties,
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collected from Campi Flegrei volcano, Italy and reported by Zamora et al.
(1994). Qs is estimated from a Qp/Qs ratio of 0.5 in all cases; a realistic
value according to the literature (Bianco et al., 1999; Sato et al., 2002).

D.2 Comparing a modelled and experimental

transducer pulse

The spectral characteristics of a modelled (0.5 MHz explosive source with a
Ricker wavelet time function) and experimental transducer pulse (0.5 MHz
peak frequency) are compared by extracting the dominant frequency and
the spectral peak width measured at half of the peak’s maximum amplitude.
Figure D.1 presents this comparison for both the modelled and experimental
active source signals, when both are propagated over the same distance
(6.5 cm) through the tuff sample (Chapter 3). The experimental waveform
was recorded over the propagation path between sensors S1 and S19 for
which Qp was measured to be 32, 25 and 7 for glycerol, water and nitrogen
saturation respectively. These values are close to the average Qps used as
the model inputs (Table 4.1).

Figure D.1 shows that the spectral characteristics of the modelled data
are in agreement with the experimental data within 95 % confidence inter-
vals, calculated from multitapered spectral estimates (Prieto et al., 2009).
Despite this, the dominant frequencies of the modelled waveforms for water
and glycerol saturation are overestimated by 28 % and 43 % respectively, in
comparison to the experimental observations. In addition the models over-
estimate the spectral widths of the experimental data by 63 % for nitrogen,
16 % for water and 19 % for glycerol saturation.
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Figure D.1: Plots of peak frequency (left) and spectral width (right) of P-
wave arrivals propagated 6.5 cm through the fluid saturated tuff sample.
Black data points represent experimental results for an active source survey
across paths S1-S19. Grey data points represent the modelled waveform,
where the source is an explosive P-wave. Error bars represent 95 % confi-
dence intervals obtained from a multitaper spectrum estimate.
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D.3 2-layer model with low frequency (5 Hz)
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Figure D.2: The same as figure Figure 4.9 but with a 5 Hz dominant fre-
quency, explosive source with a Ricker wavelet time function.
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