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Introduction

Volcanic eruptions are among the most complex of natural processes, with physical and chemical
controls occurring over spatial scales from the tens of kilometers of the magmatic system to the sub-
millimeter scale of gas and crystal phase nucleation and growth. Time scales range from the multi-
millennia of volcanic system evolution, through the seconds (and less) of earthquake generation and
magma foam disruption into pyroclastic materials, to microsecond interactions between airborne
volcanic ash particles. Volcanic systems display multi-phase, multi-component dynamics, behaviours
and properties that are among the most extreme on Earth. Volcanic eruptions are also the source of
large to extreme risks for human settlements and challenge engineering resilience (e.g., air traffic),
and can exert severe impacts from the local to the global scale, including affecting the Earth climate.
Over the last few decades disciplines such as thermodynamics, fluid dynamics, structural mechanics,
advanced experiments and computation, have been incorporated within volcano science in order to
properly face the great challenge of understanding volcanic processes and volcanic eruptions, and
formalized treatment of uncertainties has become a prominent means of volcanic hazard evaluation.
However, critically, such developments have not been accompanied by a comparable evolution in
the curricula of students and young scientists undertaking a career in volcanology.

Under these circumstances a consortium formed by thirteen European partners has gathered into
the FP7 Marie Curie Initial Training Network, GA 289976, “NEMOH — Numerical, Experimental and
Stochastic Modelling of Volcanic Processes and Hazard”, with the objective of supporting the growth
of the next generation of European volcanologists, capable of extending further the knowledge and
understanding of volcano dynamics and the methods and paradigms for volcanic hazard evaluation.
Nine Full Network Partners plus four Associated Partners including two SMEs and one Governmental
Civil Protection Department comprised the NEMOH consortium. NEMOH gave an opportunity of
advanced training and research to eighteen young scientists from eight different countries, six from
Europe (France, Belgium, Spain, United Kingdom, Germany, and Italy), and two from outside Europe
(Mexico and India), who were recruited for a total of 528 research months.

This volume represents an overview of some of the scientific activities and results obtained by the
young scientists trained under NEMOH. To date (August 2017), they have published in total nearly 70
ISI papers, a testament to the success of NEMOH and making this volume necessarily a limited
description of their achievements. The original papers collected here illustrate the scientific quality
of the NEMOH young scientists and the trans-disciplinary approach of the project, representing in
many respects the state-of-the-art for volcanology in the second decade of the third millennium.
Experimental, numerical and stochastic analysis and investigation of volcanic processes and volcanic
hazards are developed to illuminate further the complexities of volcanic phenomena, from recharge
of magma chambers and convection-mixing dynamics inside them, to rock dynamics, rock
deformation and propagation of seismic waves, roles of aquifers and ice caps, dynamics of magma

Xi



ascent and eruption with complex behavior of melt-crystal-gas mixtures, pyroclastic flow and
volcanic plume dynamics, and analysis of uncertainties in volcanic hazard forecasts; including new
developments in mathematical treatments and numerical approaches, experimental volcanology,
and multi-disciplinary and inter-disciplinary applications. Although interactions and cooperation
between the fellows (and between their tutors) have been one major component throughout the
project, this book is organized into separate chapters by individual young scientists, so to best
illustrate their individual contributions. With the purpose of maximizing their exposure, each chapter
is followed by a one-page self-description by the corresponding author, illustrating their background,
scientific interests, and current career developments.

NEMOH has been a major opportunity of multi-disciplinary training and research for eighteen young
volcano scientists in Europe and beyond. Simultaneously, NEMOH extended its training,
collaboration, and exchange opportunities to nearly 300 additional young scientists who participated
in training and dissemination activities, coming from all over the world and greatly extending the
impact of the network. NEMOH organized six one-week long Network Schools, namely: Experimental
Volcanology (Munich), Numerical Modelling and Simulations (Bristol), Volcano Monitoring and
Surveillance (Stromboli), Volcano Deformation and Tectonics (Iceland), Volcanic Signal Analysis and
Processing (Dublin), and Volcanic Hazard Evaluations and Forecasts (Etna). Each one delivered expert
lectures, seminars and practical group activities, and included as a fundamental component training
on additional skills such as poster and oral presentation, group discussion and extraction of group
opinions, abstract writing, and project writing. In addition the following were also delivered: a 5-day
course on parallel programming with applications in volcanology (Barcelona), a 3-days course on
thermo-fluid dynamics and computational volcanology (Pisa), two NEMOH sessions and two NEMOH
short courses on different aspects of quantitative volcanological research held at the EGU General
Assemblies in Wien in 2014 and 2015, four NEMOH — Marie Curie Open Days aimed at introducing
school students and the public to volcano research with an estimated global attendance above 500
people, and a Final Conference also attended by selected international volcano scientists and
representatives from the geothermal industry.

Detailed information on NEMOH activities, and much more regarding the life of the network, is
illustrated by the NEMOH website www.nemoh-itn.eu, which includes individual pages dedicated to

each one of the eighteen NEMOH young scientists. Today, nearly all of them are continuing their
career in science; a few of them have already attained permanent positions as scientists. But maybe
the greatest success of NEMOH is that it created a community of multi-disciplinary scientists who
understand each other, know what others can provide with their complementary approaches, and
how their results can best fit into a multi-disciplinary approach with a global vision of volcano science
and volcanic hazards forecasts. Even more significantly, they respect each other and continue to
grow as a group of friends; their “NEMOH family”. This family is alive and evolving, inspiring
confidence in a successful future for the science of volcanoes.

For the NEMOH Consortium: Paolo Papale, Coordinator
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Detecting displacement steps with seismometers

Chapter 1

Detecting displacement steps with seismometers: From laboratory
constraints to volcano seismic applications

Johannes Thun
School of Earth Sciences, University College Dublin, Dublin, Ireland

Tutorship: Christopher J. Bean'?, lvan Lokmer*
!School of Earth Sciences, University College Dublin, Dublin, Ireland
2Geophysics Section, Dublin Institute for Advanced Studies, Dublin, Ireland

Abstract

In seismology, seismic events are analysed and interpreted based on the waveforms recorded with seismo-
meters at the surface. On volcanoes, the distances between sources and receivers can in some cases be as short
as tens to hundreds of meters, which gives us the chance to record seismograms within the near-field of the
sources, where ramp-like ground displacements or tilts can form part of the signal. Such ground motions can
add valuable information to our analysis of the source process, but seismometers are not originally designed to
measure these step-like signals. Our lab experiments with seismometers on step tables show that steps of the
order of a few micrometres can be recovered from broadband seismograms, if we estimate and remove long-
period noise using median filters. Applying this method to data recorded near the summit of Turrialba volcano,
we observe a step-like ground deformation associated with long-period (LP) events, revealing a previously un-
observed static component in the source time history of LP events. In a second application to data recorded
above the 2014 Bardarbunga dyke intrusion in Iceland, we discover repeating micrometre-scale deformation
steps. This suggests that the rifting process happens at least partially in small, discrete steps, to our knowledge
the first such observation.

Keywords: Volcano seismology, instrumental seismology, deformation, time series analysis

1.1 - Introduction

The investigation of seismic events on volcanoes plays a major role in enhancing our understand-
ing of volcanic systems, as they carry information on the dynamics of the volcanic edifice and its
plumbing system. Different kinds of seismic events, such as long-period (LP), very-long-period (VLP)
or volcano tectonic events have been observed on many volcanoes (e.g. Chouet, 2003; McNutt,
2005) and associated with various processes. However, the waveforms recorded by seismometers at
the surface are strongly influenced by the medium through which the seismic waves have propagat-
ed - often a dominant effect in the heterogeneous structures of volcanic edifices. Additionally, the
signals are always contaminated by varying amounts of noise of seismic (e.g. oceanic microseisms,
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wind, tremor, machinery) and instrumental origin. As a consequence, the information on the source
process is masked by multiple processes and thus not straightforward to recover.

While in classical earthquake seismology, the source-receiver distances are often very long, high
density networks on volcanoes offer the chance to record signals very close to the source (€1 -2
km). At such short distances, near-field (NF) and intermediate-field (IF) terms can contribute signifi-
cantly to recorded waveforms (e.g. Lokmer and Bean, 2010). The medium through which the seismic
waves travel acts as a filter on the waveforms, altering the information sent by the source (the
source-time function M, (t)). For example, if there is a static deformation at the source (i.e. a step in
M, (t)), this will not appear as a step when observed at a distance, as the far-field (FF) terms are
proportional to the time-derivative M, (t). This kind of information is only carried directly in the NF
and IF terms. If we manage to record such information, it can help to gain a better insight into the
displacement history at the source and thus into the source process. However, broadband seismo-
meters are not originally designed to record this kind of ramp signal and act as an additional filter on
the waveforms. We thus carried out laboratory experiments with seismometers on step tables to
expose the instrument to actual displacement steps. The recorded data were then used to design a
processing routine that enables us to recover displacement steps from the seismograms.

Here we present this routine, followed by applications to two different sets of field data. The first
one reveals a displacement step at the summit stations associated with LP events at Turrialba volca-
no, Costa Rica, not predicted by the classical resonating source models for these events (e.g. Chouet
(1986), Neuberg et al., (2000)). The second dataset was recorded in direct vicinity of an active graben
formation associated with an underlying dyke intrusion in Iceland. Our analysis of the local seismic
events brings to light details of the deformation process in the area at the time of the experiment.
The latter application shows that a careful approach to data analysis can help bridge the gap be-
tween seismology and deformation studies.

1. 2 - Methodology: Using seismometers as deformation sensors?
(modified after Thun et al., 2015)

Our recent near-field observations (< 1 - 2 km from estimated source locations) indicate that the
frequency content of small volcano seismic events (e.g. LP events) may in some cases extend all the
way down to zero frequency, namely corresponding to a displacement step. However, as seismome-
ters are not originally designed to measure such signals, here we quantify step displacement recov-
ery from broadband seismic data using step table laboratory experiments.

In strong-motion seismology, static displacements associated with earthquakes are recovered
from accelerometer data (e.g. Graizer, 2005; Chanerley et al., 2013), although it is a difficult task and
displace- ments are often not entirely recoverable. The signal-to-noise ratio (SNR) in these scenarios
is typically much higher than for the waveforms associated with volcanic LP events. An important dif-
ference between accelerometers and the broadband seismometers used in this study is their fre-
guency response. While accelerometers have a finite response at zero frequency (DC), which always
forms part of a step signal, broadband instruments are insensitive to DC signals - a direct technical
consequence of their high sensitivity over broad frequency bands. Although for this reason seismo-
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meters might not be ideal for a step recovery, they offer great sensitivity, so that potentially very
small steps in the order of micrometers can be obtained.

If we seek to recover ground displacement steps from seismograms, we need to address long-
period dynamic noise as well as other long-period signals (e.g. from tilt) contaminating the records.
The influence of tilt motions on horizontal components of inertial seismometers has been known for
along time (e.g. Rodgers, 1968; Graizer, 2005; Pillet and Virieux, 2007). For small signals and neglect-
ing the terms for angular acceleration and cross-axis sensitivity, the differential equation describing a
horizontal pendulum is:

J1+ 2w, Dy, + wiy, = =% + gy, @

where x; and y, are ground displacement and the pendulum response, respectively; w, and D, the
natural frequency and critical damping of the pendulum, respectively; g is the gravitational accelera-
tion and ¥, the ground rotation around the second horizontal axis, i.e. tilt in x,-direction (for details
see Graizer, 2005). Here we see that tilt has a first order effect on the horizontal pendulum, which
can in fact become dominant at long periods (e.g. above 10 s). Currently available tilt meters on the
other hand, are also susceptible to translational motion in the LP (e.g. 0.5 — 5 Hz) frequency range
(Fournier et al., 2011). Hence with current instrumentation we cannot fully distinguish tilt motion
from translational motion. Until real rotational sensors that can be deployed in a field setting are de-
veloped (e.g. Schreiber et al., 2006), other ways of dealing with tilt have to be adopted.

The equation for the vertical response looks similar to Equation 1, but the last (rotational) term
can be neglected, which means the vertical component seismograms are not sensitive to small tilts.
Wielandt and Forbriger (1999) used this difference between vertical and horizontal components to
separate translational and rotational contributions on horizontal seismograms in the near-field of an
assumed isotropic source. In general, this property makes a displacement step recovery from vertical
recordings a lot more straightforward and less ambiguous than from horizontal components.

1. 2.1 - Laboratory experiments

As broadband seismometers measure the ground velocity, their output can be numerically inte-
grated (e.g. with the cumulative trapezoidal method) to obtain displacement information. However,
a seismometer’s response filters true ground motion - by design seismometers lose sensitivity in the
limit of zero frequency. Consequently, instrument noise starts to dominate for longer periods. Dis-
placement steps (i.e. one-sided positive or negative velocity pulses) have a broad spectrum, includ-
ing static (or zero) frequencies. Here we assess the degree to which displacement steps can be re-
covered from broadband seismometer data. We carried out laboratory experiments in which we ex-
posed seismometers to well-defined steps, using a Lennartz CT-EW1 step table, which can achieve
vertical steps as small as 90 um with high precision. The displacement time history varies between
0.5sand 2.5, depending on table setting and load. In addition, we designed and built a simple cus-
tomized step table (Figure 1C), which does not have the same precision as the calibration table, but
allows for an arbitrary displacement time history. The displacement is driven by manual operation of
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a micrometer screw and its value can be read directly from the screw’s scale, with a resolution of
10 um. It is directed at a 45° angle with respect to the ground, resulting in equivalent displacements
in upwards and horizontal directions. Tilting of the table with angles of the order of about
10 microradians cannot be avoided in this setup and has to be kept in mind especially when analys-
ing horizontal recordings. However, in comparison to tilt steps measured on volcanoes (typically a
few orders of magnitude smaller), these signals are large and serve as an upper limit for tilt contami-
nation of field data.

1.2.1.1 - Vertical component

Figure 1A shows the integrated vertical seismograms, i.e. displacements, of a 94 um upward step
(black: ramp time 0.6 s; red: 1.8 s ramp with added noise, see below), recorded by a Guralp 3ESPCD
(60 s) instrument on the Lennartz table. The uppermost plot shows unprocessed, integrated seismo-
grams, which is approximately the instruments’ impulse response, acting as a causal high-pass filter.
In the second panel, the instrument response was removed without additional filters. The step is
now clearly visible in the data, but amplified (very) long period noise is also present. During the de-
convolution of the instrument response, high-pass filters are routinely applied in order to deal with
this noise. Hence, the third plot shows the effect of an acausal high-pass filter (a zero-phase butter-
worth filter that conserves the waveform better; may lead to precursory signals, thus called "acaus-
al”) with the corner frequency of 0.01 Hz. Whilst it reduces long period noise, it also alters the step
waveform significantly by removing its low-frequency portion. For higher filter frequencies (note that
the typical lower LP filter corner of 0.3 Hz is about 5 octaves above 0.01 Hz) the step waveform is
completely masked by the filter and cannot be distinguished from a dynamic motion. We assessed
other filtering methods and found moving median filters suitable for the task of step recovery. Simi-
lar to moving average filters, we take the median of a window of width M around each data point
X!

xM = Median (xn_yfs, ,anﬂfS) )
2 2

where f; is the sampling frequency and M is given in seconds. The filter is used to estimate the long-
period noise of the velocity record and is insensitive to transient signals with durations significantly
shorter than half the window length. As high frequency noise, tremor or other signal components
can impede noise estimation with the (non-linear) moving median filter, a low-pass filter is applied
to the instrument corrected data. A corner frequency of f. = 5/M was found suitable. The noise es-
timate is then subtracted from the original unfiltered, instrument corrected velocities and the result
integrated to get displacements. The outcome for the previous lab example, using a moving median
filter with M = 30 s is shown in the lowermost panel of Figure 1A, where the step waveform is suc-
cessfully recovered from the seismogram. The misfit of the step estimation is:

A — UYmeasured—U%real — 102 ym—94 pm = 0.085 (3)
step u 94 um '
real
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i.e. the amplitude of the step is overestimated by 8.5 %. In comparison to field observations, the SNR
in the experiment is very high and the rise time of the step is quite short (0.6 s). We thus used the
recording of a slower step (i.e. a smaller velocity pulse) from the same table (1.8 s rise time) and
added noise recorded on Turrialba summit station CIMA (red lines in Figure 1A). The noise was am-
plified in order to match SNRs observed on Turrialba (see Section 3). The resulting displacements
show that for SNRs similar to our Turrialba field data, the step is still well recovered with a misfit of
A = 0.053, i.e. overestimated by about 5 %. Comparing different noise levels added to step table da-
ta, we estimate that the method’s detection threshold for steps lies at about 1 um for a 3ESPCD in-
strument. This corresponds to approximately 5 times the root-mean-square amplitude of the dis-
placement noise below 2 Hz.
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Figure 1. A. Recovery of a vertical 94 um step recorded on a Lennartz step table. Black: 0.6 s ramp time; red: 1.8 s ramp time
and added field data noise. The step is masked by the bandpass filter, moving median filters can reduce noise without masking
the step. B: Recovery of vertical steps with varying ramp lengths and median filter windows, recorded on customized step
table. Grey area indicates the actual displacement including errors. C: Customized step table, allowing for ramps of varying
amplitudes and rise times; the arrow marks the micrometer screw used to control the displacement. D: Recovery of a horizon-
tal step contaminated with tilt. In the upper panel, velocities are shown, exhibiting the very long period tilt response on the
uncorrected horizontal component. This tilt signal can be reduced following Wielandt and Forbriger (1999). The lower panel
shows the displacements after additionally applying the median filter method. Here the horizontal step aligns well with the
identical vertical step (as seismometer displacements in horizontal and vertical directions are equal), meaning it is well recov-
ered on both components (Figure modified after Thun et al., 2015).

As the Lennartz table is restricted to vertical motion and limited step rise times, we tested the
performance of the processing on different ramp lengths using our customized step table. We ex-
posed the same instrument to steps of about 100 um (about 70 um in vertical and north directions
of the instrument), altering ramp times between 0.6 s and 20 s. We applied the processing described
above, with varying median filter windows to recordings of different ramps (Figure 1B). The grey ar-
ea shows the actual displacement, including an assumed error of about +10 % (based on reading
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precision at the micrometer screw). The results shown in Figure 1B confirm that stable results are
achieved as long as the filter window M is chosen accordingly. We recommend a window length of
about three times the ramp time. As in practice the ramp time is unknown, the signal length inferred
from raw displacements can be a good starting point. If the length of the filter window is not suffi-
cient for a given signal, it can strongly affect the recovered step. On the other hand, if the step is re-
al, the recovered value is stable over a wide range of M (Figure 1B). Hence, we explore different
windows M, starting at 3 times the signal length and gradually increasing M by 5 s each time until we
achieve a robust solution with satisfactory noise removal. For now, this manual process is necessary
to ensure stability and robustness of the results. There is no upper limit for the choice of M, but as
filter windows get longer, less noise can be removed. Consequently, the method is limited by the
SNR.

1. 2.1.2 - Horizontal component

Our customized table displaces the instrument horizontally to the same extent as vertically due
to its 45° angle of translation with respect to the ground. During the displacements, driven by turn-
ing the micrometer screw, the table surface is tilted uncontrollably, a problem that cannot be avoid-
ed when creating horizontal displacements with this setup. This tilt leads to a long period transient
dominating the horizontal seismograms (see dashed line in Figure 1D), but negligible on the vertical
component. Associated with the displacements, we measure steps of about 1 to 20 - 107° g in in-
strument corrected and differentiated (i.e. acceleration) seismograms. According to the tilt term in
Equation 1 this corresponds to tilt steps of about 1 to 20 prad. Tilts this strong make it difficult to ex-
tract displacement steps from the horizontal seismograms, but do not interfere with recovery on the
vertical component, as shown above. However, the tilts observed in our field experiments on volca-
noes, where there are any, are several orders of magnitude smaller and thus do not create signifi-
cant transients. A tilt step of the order of a few microradians would be directly visible particularly as
a major waveform difference between vertical and horizontal components (see above and Figure
1D).

As the instrument in our experiment sits directly on the source and the tilt signal is negligible on
the vertical component, the assumptions underlying the tilt separation method of Wielandt and For-
briger (1999) are fulfilled. We thus applied this method to the data for the fastest step (0.6 s with
u, = u, = 70 um), where a tilt of about 14 urad affected the north component, while the displace-
ment in this direction was identical to the upward motion. The horizontal raw velocity seismogram
(Figure 1D, dashed red line) shows a long-period transient, the seismometer’s response to a
tilt/acceleration step (for details see Kinoshita, 2008). The tilt separation method was carried out be-
tween 0.005Hz and 1 Hz, which exceeds the band suggested by Wielandt and Forbriger (1999)
(0.005 Hz — 0.05 Hz), but works well here due to the high SNR. The solid line shows the resulting
seismograms, in which the estimated tilt has been removed. Although the method’s fit for this ex-
treme (large tilt) example is not ideal (energy of the residual is about 8 % of the original trace), it re-
duces the tilt transient significantly and thus exposes the velocity pulse. The lower panel in Figure 1D
shows the displacement seismograms after application of the median filter method. Whilst without
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tilt reduction, the step is not retrieved on the horizontal component (dashed line), it is successfully
recovered when tilt was reduced before median filter application. Both vertical and horizontal dis-
placements show a step of about 77 um, which is in good agreement with the known displacement
(70 um) in the presence of such large tilt contamination.

1.2.1.3 - Summary

In conclusion, we demonstrate that static displacement steps can be recovered from seismome-
ters when long-period noise is carefully addressed. Moving median filters are a suitable tool to re-
duce this noise adequately, although strong tilt contamination on horizontal components may have
to be dealt with separately. Although we did not test this for instruments other than the aforemen-
tioned Guralp 3ESPCD (60 s; 2 x 3000 V/(m/s)) and a Guralp 6TD (30 s; 2 x 1200 V/(m/s)), in principle
any broadband seismometer should be suitable for step recovery, as long as the response is well
known and can be removed accurately. In our tests, the (shorter period and less sensitive) 6TD in-
strument showed a lower SNR at long periods than the 3ESPCD type, posing a problem for small sig-
nals. Low instrumental noise at long periods is thus desirable. In the following we apply the con-
straints found in this section to field observations on volcanoes.

1. 3 - Applications to field data: Long-Period Event on Turrialba
(modified after Thun et al., 2015)

As the occurrence of Long-period (LP) seismic events is often thought to be directly associated
with magmatic or hydrothermal processes (e.g. Chouet, 2003, and references therein) they can give
information on the volcanic plumbing systems and changes in volcanic activity. According to the clas-
sification of LP events given by Chouet (2003) typical LP events contain frequencies between 0.5 Hz
and 5 Hz, although McNutt (2005) pointed out significant changes with time and between different
volcanoes. In the data recorded on Mt Etna, Sicily (Lokmer et al., 2008) and Turrialba, Costa Rica
(Eyre et al., 2013), we observed additional low energy spectral content well below these typical fre-
quencies. This observation can have significant implications for our understanding of the nature of
source time functions (STFs).

STFs from LP source inversions are often explained by fluid-filled cavity models proposed e.g. by
Chouet (1986) and Neuberg et al. (2000). In these models, slow waves travel at the fluid-solid inter-
face and their interference can cause sustained resonance observed at the surface (Chouet, 1986;
Ferrazzini and Aki, 1987). Full waveform inversions of LP events have been implemented in studies
on several volcanoes, with results often interpreted within the scope of such models (e.g. Legrand et
al., 2000; Kumagai, 2002; Nakano et al., 2003; Kumagai et al., 2005; Lokmer et al., 2007; Cusano et
al., 2008; De Barros et al., 2011; Eyre et al., 2013). It is important to note that the waveforms used in
these inversions were band-pass filtered. Recent observations in the summit region (e.g. Fig. 2b in
Lokmer et al., 2007; Bean et al., 2014; Eyre et al., 2015) show impulsive waveforms associated with
LP events. Bean et al. (2014) and Eyre et al. (2015) demonstrated that resonance observed on seis-
mograms can be a consequence of wave propagation in poorly consolidated materials for stations
more than about 1 km from the source. Consequently, Bean et al. (2014) proposed an alternative
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model, where shallow LP events are a consequence of slow rupture within the volcanic edifice. Eyre
et al. (2015) showed that this source model can explain LP event waveforms recorded on Turrialba
volcano.

The current processing practice of filtering LP events within the most energetic frequency band
prior to inversions means that most of the LP sources interpreted in the literature are band-pass fil-
tered representations of the true source-time histories. In our unfiltered integrated field data, we
recently observed small apparent displacement steps in the near-field of individual LP events. If this
observation is real, it could significantly contribute to our understanding of LP sources. In the follow-
ing, we show how the constraints gathered in the previous section can shed new light on the true
ground motion caused by some LP events.

Figure 2B shows the vertical seismogram of an LP event recorded on Turrialba in 2009 by the
summit station CIMA (map in Figure 2A), using the same instrument type that we used in the labora-
tory (Guralp 3ESPCD 60 s). Here we compare the classical LP band pass filtered trace to the one pro-
cessed with the median filter. In both cases, a low pass filter with a corner frequency of 4 Hz was ap-
plied in advance. While the velocity seismograms do not show a significant difference, the displace-
ments show a clear step when processed with the median filter; this displacement step cannot be
seen when data are filtered with the bandpass filter, as is common practice. As the rise time of the
step, starting at about 6.5 s, is no longer than about 2 s, the 20 s median filter window applied in Fig-
ure 2B is in accordance with the results from the laboratory experiments.

This step behaviour is not singular to this LP event, but can be observed for multiple events in the
2009 catalogue. Figure 2C shows seismograms of a family of 183 events (from family 2 in Eyre et al.
(2013)) and a stack of these. Here the data were corrected for instrument response and trend, but
no further filters were applied. The data were normalised to match the peak-to-peak amplitudes be-
tween events. Although (due to strong long-period noise) only some single events show a clear static
displacement like in Figure 2B, the integrated stack of this family shows a pronounced step, even
without applying a median filter. This shows that this step-like behaviour is coherent across LP
events and can be detected when recorded in the near field at the summit of Turrialba. The same
behaviour was observed at a second summit station CIM2 (Figure 2A), using the same instrumenta-
tion. Shorter period instrumentation and greater distances from the summit lead to sparse observa-
tion of such steps at other locations during the same field experiment.

The data demonstrate that both single event recordings and stacks of numerous repeating events
show step-like displacement waveforms, which present as wave “pulses” in velocity seismograms.
Low cut filtering traditionally applied prior to waveform inversion does not preserve these displace-
ment signals, compromising our assessment of the broadband source-time history. These step-like
displacement signals are only seen in the near-field region from the source, consistent with theoreti-
cal displacement fields for dislocations (e.g. Okada, 1992). The near- and intermediate-field terms,
containing static deformation signals, decay much faster with the source-receiver distance than the
purely dynamic far-field term (Lokmer and Bean, 2010). As a consequence, the step signal can rapidly
fall under the detection threshold (around 1 um on 3ESPCD instruments) within a distance of approx-
imately 1-2 km from the source.
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Figure 2. A. Station locations on Turrialba volcano in 2009. Inset shows the location of the volcano within Costa Rica. B: Top:
Vertical LP event seismogram from Turrialba, recorded on Turrialba station CIMA in 2009, processed with median filter (20 s)
or bandpass filter (0.3 — 4 Hz); Bottom: corresponding displacements; median filter processed data shows a step masked by
the bandpass filter. C: Stack of 183 unfiltered, instrument corrected and normalised LP events from a family at station CIMA.
Due to the high S/N ratio in the stack, a step similar to the single event in B is visible in the unprocessed integrated stack. (Fig-
ure reproduced from Thun et al., 2015).
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A more detailed analysis of these new observations, including source inversions, is beyond the
scope of this study. Hence we do not attempt to relate the surface waveforms directly to source
models here. However, our results show that we are missing important information on LP sources if
we analyse only the most energetic part of the recordings. These new observations pave the path for
a more detailed analysis of LP sources from existing and future datasets.

1. 4 - Applications to field data: Deformation at Bardarbunga, Iceland
(modified after Thun et al., 2016)

Ground deformation caused by magma migration and tectonic processes can often be observed
in volcanic environments with ground- and satellite-based methods such as GPS and InSAR (e.g.
Ofeigsson et al., 2011; Geirsson et al., 2012; Sturkell et al., 2013; Sigmundsson et al., 2015). The
technical restrictions of these methods limit the smallest observable deformations to a few millime-
tres at best, with actual resolutions typically in the centimetre range (Sigmundsson et al., 2015;
Burgmann et al., 2000). For InSAR, the temporal resolution is further limited to several days. As a
consequence, neither method currently allows us to investigate the micrometre scale nature of near-
surface deformation processes. Instead we observe accumulated deformations that smooth out the
underlying details of the ground deformation process. Hence the details regarding precisely how the
Earth’s surface rifts at small spatio-temporal scales in volcanic environments are unclear.

An exceptional opportunity to investigate such deformation processes was posed by the 2014-
2015 rifting episode and eruption at Bardarbunga in Iceland, where we acquired data in the immedi-
ate vicinity of active surface rifting. Starting in August 2014, a lateral dyke propagated below the sur-
face for over 45 km (Fig. 3A), indicated by the temporal and spatial evolution of seismicity and sur-
face deformation patterns (Sigmundsson et al., 2015; Gudmundsson et al., 2016). Interestingly, de-
spite the high level of observed seismicity below a depth of about 3 km, there was a lack of shallow
(< 3km deep) earthquakes associated with such a large rifting event (Sigmundsson et al., 2015;
Agustsdottir et al., 2016; Ruch et al., 2016). The dyke eventually fed an eruption at the Holuhraun
eruptive fissure, the southernmost tip of which was located approximately 5 km north of the
Vatnajokull glacier rim. The effusive activity lasted for 4 h on 29 August 2014 and later continued for
6 months from 31 August 2014. In the area not covered by the glacier, divergent rifting (total surface
opening ~2.5m between mid-August and mid-September; Sigmundsson et al. (2015); Hjartardottir et
al. (2016)) was observed at the surface, accompanied by substantial graben subsidence (2.5 m to 5.5
m) directly above the inferred dyke (Sigmundsson et al., 2015; Hjartardéttir et al., 2016; Ruch et al.,
2016). The graben formation caused large surface fractures along its borders, revealed by satellite,
aerial and field observations (Hjartarddttir et al., 2016; Ruch et al., 2016) and the dip of the associat-
ed normal faults was estimated to be ~75°, based on the measured surface deformation (Hjartardot-
tir et al., 2016). In the northernmost region of the glacier, the graben formation caused an elongated
dent in the relatively thin ice sheet (Rossi et al., 2016).

The details of the 2014-2015 Bardarbunga volcano-tectonic episode have been addressed in nu-
merous studies, e.g. Sigmundsson et al. (2015); Gudmundsson et al., (2016); Agastsdottir et al.,
(2016); Hjartardottir et al., (2016); Rossi et al., (2016); Ruch et al., (2016); Gudmundsson et al.,
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(2014). It was one of the largest rifting events and the largest effusive lava eruption in Iceland since
the 1783-84 Laki eruption (Thordarson and Self, 1993) and offered an unprecedented opportunity to
study rifting processes in detail.

1. 4.1 - Experiment and Data Analysis

In the afternoon of 30 August 2014, we installed a small profile of three 3-component broadband
seismometers (Guralp 6TD 30 s) perpendicular to the graben and inferred dyke (Fig. 3A), with the
closest station (DY3) directly at the western shoulder of one of the large graben boundary faults and
the other two stations approximately 1 km (DY1) and 2 km (DY2) from DY3. The surrounding area
was characterised by several metres of poorly consolidated volcanic ash and sand on top of partially
fractured basaltic lava flows (Sigurgeirsson et al., 2015), a strongly scattering environment for seis-
mic waves. As strong ground shaking could be felt during the experiment, the operation had to be
aborted for safety reasons, resulting in ~26 minutes of synchronous data on all stations. On 5 Sep-
tember 2014, a new fissure opened approximately 600 m east of DY3 and effused lava for 2 days.

The unprocessed vertical velocity seismograms (Fig. 3B) show coherent activity on all three sta-
tions. However, the focus of this study lies in five high amplitude signals on station DY3 (red arrows
in Fig. 3B), which are not registered by the other stations DY1 and DY2, suggesting that the causative
events are relatively small and local to DY3. The velocity seismograms and the corresponding scalo-
grams of these events (event number 3 shown in Fig. 4A,B) show impulsive waveforms with a main
frequency peak between 3 and 8 Hz and a secondary peak above 25 Hz. As high-frequency waves are
attenuated strongly when travelling through the ground, such high frequencies thus indicate a frac-
turing process close to the station.

In Figure 4C-E, we applied the median filter method presented in Section 2 (see also Thun et al.,
2015) and observe displacement steps on all three (orthogonal) components of the instrument, i.e.
the station was displaced by approximately 125 um in a northwest, slightly upward direction. This
represents a motion away from the centre of the graben and the underlying dyke. Applying this pro-
cedure to the full-length records on this station reveals similar amplitudes and ratios between differ-
ent displacement components for all five events (Fig. 4F), suggesting a repetitive process with similar
source locations and an apparent average inter-event time of about 4.5 minutes. As horizontal com-
ponents of seismometers are also susceptible to ground rotation (Rodgers, 1968; Graizer, 2005; Pillet
and Virieux, 2007), possible tilts can be estimated from the data using the tilt transfer function (Ao-
yama and Oshima, 2008; Genco and Ripepe, 2010; Lyons and Waite, 2011); this involves a simple in-
tegration of raw data and multiplication with a factor depending on well-known instrument proper-
ties. The resulting traces (Fig. 4G) show tilt steps of 1.3 — 4 prad oriented in a northwest direction as-
sociated with each of the five events. The tilt step directions coincide with the direction of the dis-
placement steps (Fig. 4H) and support a repeating source process generating the events, with rough-
ly consistent amplitudes and locations.

11
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Figure 3. Overview of the seismic experiment and recorded data. A, Map of stations DY1, DY2 and DY3 (Guralp 6TD seismome-
ters) installed north of the Vatnajokull glacier (white) on 30 August 2014 immediately adjacent to several large surface frac-
tures; fractures (yellow) and eruptive fissures (red) mapped by Hjartardéttir et al. (2016); dyke location (red dashed) inferred
by Sigmundsson et al. (2015); elevation data from National Land Survey of Iceland. Inset map shows the location within Ice-
land (plotted with Matplotlib Basemap Toolkit (Whitaker, 2014) using the ETOPO1 model (Amante and Eakins, 2009)). B, Unfil-
tered vertical recordings on all three stations. Arrows mark the step events on DY3 investigated in this study. These events are
not visible on stations DY1 and DY2. (Figure modified after Thun et al., 2016).
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Figure 4. Individual step event (A-E) and processed full-length seismograms showing ground deformation (F-H) at station DY3.
A, Vertical velocity waveform (instrument corrected). B, Scalogram illustrating relative frequency content — the main frequen-
cy peak lies between 3 Hz and 8 Hz, with an additional peak above 25 Hz. C-E, Vertical, North and East displacements, respec-
tively; processed with the median filter method (Thun et al., 2015). The resulting displacement step is about 17 um upward
and 123 um in a northwest direction. F, Median filter processed seismogram for step recovery (black: Vertical, red: North,
cyan: East), showing a consistency of step direction for the individual events. Note that between events 3 and 4, a longer peri-
od event impedes the filter performance, leading to a slight artificial step. G, Tilt record retrieved from seismograms using the
tilt transfer function (Aoyama and Oshima, 2008). While the long-period trend is not interpreted here, each of the 5 events
shows a clear tilt step on both horizontal components. H, Directions and amplitudes of horizontal deformations of the 5 steps
seen in F and G. (Figure modified after Thun et al., 2016).

1.4.2 - Source location

Although one station is not sufficient to fully invert for source locations and mechanisms, we use
the observed static deformations from DY3 to explore potential sources with a forward modelling
approach. We estimate the source location and magnitude by (i) assuming a plausible source mech-
anism and (i) performing a search over a 200 x 200 x 100 m® grid around the station (as discussed
above, the source has to be a lot closer to DY3 than to DY1 at a distance of 1 km, thus we assume a
distance of less than 100 m), where we match the observed ratios between different deformation
components with the theoretical values for a homogeneous, elastic medium (Okada, 1992). The rati-
os are defined as

Uz Uz Uz Uz
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where uz, uy and ug are displacements and ty and tg are tilts. Subscripts Z, N and E denote a vertical,
north and east direction, respectively. These ratios are used to compute two misfits, Ry (displace-
ments only) and Ry (both displacements and tilt), defined as:

2 2
R, = (rl,calc - rl,obs) + (rz,calc - rz,obs)
d — - - 1
rl,obs rz,obs

2 2
T3,calc — "3,0bs T4,calc — "4,0bs
Rdt = Rd + < + .
r3,obs r4-,obs

)

The minimum misfits indicate the best location for the chosen source mechanism and the corre-
sponding seismic moment M, can be found by a simple least squares inversion.

As the station is located in direct proximity to the faults associated with the graben formation,
we suspect that the local events are part of the faulting process. Consequently, we assume a 75° dip-
slip mechanism parallel to the N25°E striking boundary fault (see Hjartardéttir et al., 2016) as the
source mechanism. Figure 5 shows the misfits for this normal fault mechanism, where the observed
tilt and displacement values of the third step (Fig. 4F,G) are used. Here we assume a medium P-wave
velocity of Vp =500 m/s and Poisson’s ratio of /7= 0.3, consistent with values obtained for unconsoli-
dated upper geological layers at various volcanoes (Ferrazzini et al., 1991; Deluca et al., 1997; Met-
axian et al., 1997; Chouet et al., 1998; Cauchie and Saccorotti, 2013) (further discussion in supple-
mentary information). For clarity, only misfit values below 0.5 are displayed and all remaining misfits
are located in the quadrant south-east of the source. As the displacement-only misfit Ry (Fig. 5A)
does not converge around a single minimum, it can only indicate the approximate direction of the
source with respect to DY3. When tilts are introduced (Fig. 5B), a sharp minimum misfit Ry, is found
approximately 40 m southeast of DY3 at a depth of 8 m. The best-fitting source moment at this loca-
tion is My = 1.5 x 10° Nm (moment magnitude My, = 0.6). When we change V» to 1000 m/s, the
source location remains unchanged, with the source moment increasing to My = 7.1 x 10° Nm
(My = 0.2). The same grid search with different medium parameters leads to similar source-receiver
distances and source moments (Table 1). The source moments are small enough to justify the use of
the point-source assumption in our forward modelling approach.

Static displacements such as those observed at DY3 are near- and intermediate-field effects and
can only be observed within a fraction of a wavelength from the seismic source (Lokmer and Bean,
2010). The sources inferred above would theoretically cause total static displacements smaller than
1 um at the next closest station, DY1. Sub-micrometre steps are not detectable with our instruments
and methods (Thun et al., 2015). The fact that the events are not visible at the other stations also
implies that the dynamic seismic signals, i.e. all near-, intermediate- and far-field components, fall
under the noise level at these locations, likely due to strong wave attenuation in the unconsolidated
surface materials (Sigurgeirsson et al., 2015).
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Figure 5. Misfits between field observations and displacements and tilts calculated using analytical solutions (Okada, 1992) for
a 75° dip-slip (normal fault) source. A, Misfit Ry using only displacement ratios. B, Misfit Ry using both displacement and tilt
ratios, showing a single confined minimum at DZ = 8m, DN = 29 m, DE = 30 m. Misfits are displayed in horizontal slices of 2m
spacing and values above R = 0.5 are not shown. Material parameters for both A and B: Ve =500 m/s and /7= 0.3. (Figure mod-
ified after Thun et al., 2016).

1. 4.3 - Source dimensions

For the source location found above, we determine source parameters (size and slip) by remov-
ing path effects through deconvolving modelled deformation and seismic radiation (Green’s func-
tion) from the recorded seismogram shown in Figure 4C. Here we use the linear relationship be-
tween the ground displacement spectrum U(w) and the source moment spectrum M() (Lokmer and
Bean, 2010):

U(w) =M(w) - G(w,1,Vp,v,p,RP,Q) (6)

where the Green’s functions G depend on the receiver position r relative to the source, the elastic
properties of the medium Ve and 7, the density r, the radiation pattern RP for a specific source
mechanism and the quality factor Q. This simplifies the deconvolution to a simple division M=U/ G
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for each frequency. The resulting source moment spectrum M(w) is subsequently fit with a W source
model (Brune, 1970) in order to determine the corner frequency. We calculate G() for the inferred
normal fault source with the expressions given by Aki and Richards (2002) and modified by Lokmer
and Bean (2010), using the same parameters as above (Vp = 500m/s, n=0.3). Q is varied until we ob-
tain the best fit to the w?-model (Q = 20). The source-time history M(t) resulting from this deconvo-
lution is shown in Figure 6A. Its spectrum and the w?-model fit are shown in Figure 6B, resulting in a
corner frequency of 4.5 Hz.

Mechanism n Ve (M/s) AZ (m) AN (m) AE(m) Mo (Nm) Rt
Dip-slip 500 -8 -31 26 1.8-10° 0.018
0.25
g=25° 1000 " " " 8.3.10° "
a=75° 500 -8 -30 29 1.5-10° 0.021
0.3
1000 " " " 71 108 "
500 -7 -28 28 1.1-10° 0.023
0.35
1000 " " " 5.2. 108 "
Tensile 500 -7 -33 16 8910 0.006
0.25
q=25° 1000 " " " 4.2-10° "
a=90° 500 -8 -27 24 5.2-10 0.03
0.3
1000 " " " 25. 108 "
500 -7 -25 24 3.6-10 0.036
0.35
1000 " " " 1.7 108 "

Table 1. Minimum misfit solutions from the Okada grid search for different source mechanisms and medium parameters. g
indicates the strike angle (from north) and d'the dip angle (from horizontal) of the crack/fault plane for the dip-slip and tensile
crack mechanisms. The locations AZ, AN and AE are relative to station DY3.

This frequency is used to determine the source size (and subsequently the slip D using My = mAD,
with the shear modulus /77 and the source area A): approximating the source as a slipping circular
patch (Sato and Hirasawa, 1973; Madariaga, 1976) gives a source radius of approximately 10 m to
20 m with an average slip of 1 mm to 4 mm. As the actual source mechanism cannot be inferred
from our data and a tensile component could potentially form part of the source process, we addi-
tionally performed the location grid search and source slip analysis for a tensile crack (Table 1). If a
purely tensile source mechanism is considered, the slip displacement on the same patch is reduced
by a factor of 2, showing the results are robust for a deviation from the pure normal faulting source.

16



Detecting displacement steps with seismometers

Both results are in agreement with Liu-Zeng et al. (2005), who model the slip-to-length ratio and ob-
tain equivalent values for small faults with rough fault surfaces.
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Figure 6. Source time-function and its amplitude spectrum. A, Normalised source-time history (slip on the fault). B, Moment-
rate spectrum fit with a w?-source model (Brune, 1970). The flat part of the spectrum (left arrow) corresponds to the seismic
moment My, while the corner frequency f; (right arrow) is related to the source size. The results shown are calculated for Vp =
500 m/s and 7= 0.3 and the source location from Figure 5b. Note that varying 77 between 0.25 and 0.35 does not affect the
corner frequency to a large extent (f; = 4.2 — 5.6 Hz). (Figure modified after Thun et al., 2016).

We estimate stress drops of Ds =0.008 — 0.07 MPa using Ds=7 My / 16 r according to Eshelby
(1957). These values are 2 — 3 orders of magnitude smaller than expected for tectonic seismicity
(stress drops typically > 1 MPa; Kanamori and Anderson (1975)) and point to a very weak uppermost
crust. They are consistent with the lack of shallow "standard” earthquakes associated with such a
large rifting event. Such small stress drops are in striking agreement with the value of Ds=0.01 MPa
obtained for shallow long period seismicity on Mt Etna, Italy (Bean et al., 2014), attributed to the
presence of exceptionally weak near surface volcanic material that could not sustain high shear or
tensile stresses and hence also failed at exceptionally low earthquakes magnitudes.
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1. 4.4 - Discussion

Our data reveal new information about the rifting process, suggesting that it is at least partially
discrete, occurring in micrometre scale steps. This raises questions about how these displacements
compare to the observed long-term deformation in the area. Combining the time-history of the clos-
est GPS stations with the total graben opening measured from satellite data (see supplementary in-
formation), the deformation rate for 30 August 2014 is estimated to be roughly 5 cm/day. Assuming
a repeating process with average displacement steps of 133 um and average inter-event times of
267 s, observed at DY3, we extrapolate our data and obtain an approximate deformation rate of 4.3
cm/day. Furthermore, accumulating normal fault slip estimates at the source of Imm to 4mm yields
a horizontal deformation rate of 7 — 27 cm/day. Although the modelled slip values are approximate,
both of our displacement measures are in good agreement with the GPS estimates. The similarity
suggests that the satellite and GPS-derived long-term surface deformation associated with Earth sur-
face rifting is a consequence of displacement accumulated through very low magnitude discrete brit-
tle failure at the millimetre scale. The detection of such steps is limited to distances within a few
hundred metres from the source, highlighting the rarity of such observations. The similarity also sug-
gests that any aseismic component is small at the spatial and temporal scales captured in this study;
it also indicates that fracturing of the weak uppermost crust is limited to microseismic events, con-
sistent with the lack of observed shallow seismicity (Sigmundsson et al., 2015; Agastsdéttir et al.,
2016).

We conclude that at its smallest temporal and spatial scales, rifting in the uppermost Earth’s
crust is not a steady state process but rather exhibits transient staccato-like behaviour that yields
definable spreading rates only when viewed over longer time scales. Stress drop analysis on the dis-
crete micro-events reveals that the uppermost crust is exceptionally weak in the rift zone

1.5 - Conclusions

Our work shows that the analysis of seismic events can significantly benefit from data recorded in
the near- and intermediate-field of their sources. The information contained in the waveforms at
short source-receiver distances may in some cases completely change our interpretation of the
source process. Furthermore, a careful analysis of broadband seismometer data can help bridge the
current gap between seismology and deformation studies, as common methods of displacement de-
tection, such as GPS or InSAR do not offer the resolution needed to resolve steps of such small mag-
nitude (order of 1-10 um in our experiments) and short time history. The results from our laboratory
experiments show that the detection of static displacements with seismometers is possible - moving
median filters can reduce long-period noise on broadband data whilst retaining displacement steps.
The performance of this method is limited by the size of the step signal in relation to the long-period
noise, but is applied successfully to signals comparable to real-world examples.

Applying our method to data recorded on the summit of Turrialba volcano, Costa Rica, we recov-
ered steps associated with LP events; stacks of many events show that this is coherent across many
similar events. This shows that even in relatively noisy volcanic environments we can access subtle
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information, which might fundamentally change our interpretation of underlying source processes. A
second application to the seismic events recorded in the immediate vicinity of the graben faults as-
sociated with the 2014 Bardarbunga dyke in Iceland reveals their step-like nature and suggests that
these signals are part of the shallow deformation process. We used these steps, together with the
tilt steps also observed on the seismograms, to locate the source in a forward modelling approach
and found small (M, < 0), local sources approximately 30-40 m south-east of the station. The anal-
ysis shows that the uppermost crust in the rift zone is exceptionally weak, with stress drops 2 — 3 or-
der of magnitude smaller than expected for tectonic seismicity.

Both field applications highlight how close instruments have to be to the seismic sources in order
to detect possible static displacement (and in the case of Bardarbunga, tilt) steps. As these signals
can vastly improve our understanding of source processes, this fact should be taken into considera-
tion when designing future seismic experiments on volcanoes.
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Abstract

The manifestation of Long-Period (LP) events is documented at many volcanoes worldwide. However, the
mechanism at their origin is still object of discussion. Models proposed so far involve (i) the resonance of fluid-
filled cracks or conduits that are triggered by fluid instabilities or the brittle failure of high viscous magmas and
(ii) the slow- rupture earthquakes in the shallow portion of volcanic edifices. Since LP activity usually precedes
and accompanies volcanic eruption, the understanding of these sources is important in terms of hazard
assessment and eruption early warning.

This work thus mainly aimed at the assessment of the uncertainties in the determination of LP source
properties as a consequence of poor knowledge of the velocity structure and location errors.

We used data from temporary networks deployed on Mt Etna in 2005. During August 2005, about 13000 LP
events were detected through a STA/LTA approach, and were classified into two families on the basis of
waveform similarity. We located the most energetic source using three different approaches: (1) a single-station-
location method based on the back-propagation of the polarization vector estimated from covariance analysis of
three-component signals; (2) multi-channel analysis of data recorded by two seismic arrays; (3) relative locations
based on inversion of differential times obtained through cross-correlation of similar waveforms.

We then defined a volume of possible source location and performed a full-waveform, moment tensor (MT)
inversion for the entire catalog of events. In this manner, we obtained a MT solution for each grid node of the
investigated volume. The MT solutions are parameterised through the ratio of the MT eigenvalues. The spatial
changes of these ratios allow gaining a complete picture of the uncertainties in the source mechanism/geometry
associated with the location errors. We observed the A; / A; (i=2,3) ratios varying between (0.1-0.9) and (0.6-0,9),
respectively. By the same token, the volumetric components of the retrieved mechanism were observed, varied
by almost one order of magnitude throughout the investigated volume.

Keywords: Volcano seismicity, Long Period events, Location, Moment tensor Inversion, Source
properties
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2.1 - Introduction

Long Period (LP) seismic activity is observed at many volcanoes worldwide preceding or
accompanying volcanic eruptions; the guantitative analysis of these sources is therefore crucial in
terms of hazard evaluation and eruption early warning. It is generally thought that LP signals are
associated with the resonance of fluid-filled conduits and cracks in the shallowest portion of volcanic
edifices (Chouet (1985), Chouet (1986)). However, any quantitative and unique model that can
describe the physical mechanism triggering the resonance is still missing. Studies proposed so far
include (i) the dynamics of either hydrothermal or magmatic fluids subjected to transient pressure
changes (e.g.,Nakano et al., (2003), Arciniega-Ceballos et al., (2003), Chouet (1992, 1996), Kumagai et
al., (2005)) and (i) the brittle failure of highly viscous magmas (Tuffen et al., (2003), Neuberg et al.,
(2006)). Recently Bean et al. (2014) do not relate LP events to fluid-driven mechanisms, but interpret
them in terms of low-stress-drop fracturing; under this perspective, the LP seismicity would form part
of the spectrum between slow-slip earthquakes and fast dynamic rupture, thus representing a
marker of deformation in the volcanic edifice.

The complexity of determining a general model for the LP source mechanism is mainly due to the
severe difficulties in analysing such signals. Their emergent onsets and lack of clear P- and S-wave
arrivals hinder the use of traditional location methods adopted in earthquake seismology. Moreover,
the interior of volcanoes is characterised by strong heterogeneities, which heavily condition ray path
trajectories. The lack of accurate definitions of the velocity structures that describe such variations at
the scale of the investigated seismic wavelength leads to severe difficulties in source location,
especially depth.

The quantitative estimate of LP source mechanisms can be retrieved via full-waveform moment
tensor (MT) inversion. This procedure, which is generally conducted under the point-source
approximation (e.g. Kanamori et al., (1993), Ohminato et al., (1998), Chouet et al., (2003), Nakano et
al., (2003), Lokmer et al., (2007), Lokmer et al., (2008), Davi et al., (2010)), relies on the estimation of
the best source location obtained independently prior to the MT inversion. The reliability of MT
estimates, therefore, depends critically on both the accuracy of source location and the velocity
model adopted for predicting the Green's Functions.

Considering these arguments, we therefore analyse different classes of volcanic signals (namely:
tremor, long- period and very-long-period activity) recorded at Mt Etna in order to obtain
constrained images of their respective sources. We use distinct procedures for locating the different
classes of signals. For LP signals, we then calculate MT inversions for the set of most likely source
locations, in order to retrieve the errors in source mechanism estimate related to uncertainties in
source location. The variations of the MT solutions are described in terms of eigenvalues ratios,
which provide an overview of the uncertainties in the source geometry and strength associated with
location errors.
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2.2 - Intruments and data

2. 2.1 - Instruments

The data used in this study were obtained during a temporary experiment conducted on Mt Etna
in 2005 comprising a sparse network and two small-aperture array deployments. The sparse network
was constructed by 9 Lennartz 3-component seismometers with frequency response down to 0.05Hz;
these stations are identified by ETxx in Figure 1. The two small-aperture arrays (ACPN and APCZ) were
located on the southern and the northern flank of the volcano, and were comprised of 6 and 4
Lennartz 1Hz LE3D-lite seismometers, respectively. The central element of the APCZ array was
equipped with a 3-component seismometer. For both the network and arrays the sampling rate was
125 samples per second. In this work, we analysed the continuous data streams collected during the
month of August 2005.

Our dataset is completed with recordings from summit station ECPN of the permanent
monitoring network operated at Mt Etna by the Istituto Nazionale di Geofisica e Vulcanologia (INGV).
Located close to the ACPN array (Fig.1), this station is equipped with a 3D Nanometrics-Trillium
seismometer with at amplitude response down to 0.025Hz and a sampling rate of 100 samples per
second.

Before the analysis, all the recordings were corrected for the corresponding instrument response
and converted to displacement. The locations and geometry of the overall deployment is represented
in Figure 1.

UTM Latitude [km]

47
292 494 496 498 500 502 504 506
UTM Lengitude [km]

Fig.1. Location and geometry of the seismic network on Mt Etna.
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2. 2.2 - Data

The analysed dataset spans the month of August 2005, when Mt Etna was in a quiescent stage,
following the end (March 2005) of the 2004-2005 eruptive episode (Corsaro and Miraglia (2005);
Burton et al., (2005); Di Grazia et al., (2006)).

Figure 2 shows a spectrogram from the vertical-component of summit station ETOO.

Energy is concentrated at low frequencies, mainly below 1Hz. Several events exhibit a narrow
frequency peak at frequencies between 0.3 and 1Hz. Transient signals are superimposed on the
continuous background noise, extending up to 3-4 Hz. These events, which represent the most

typical feature of the seismicity during the analysed time interval, are the object of the following
section.
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Fig. 2. Spectrogram for the vertical component of ground displacement recorded at summit station ET00.

2. 3 - Long-Period Activity at Mt Etna
2. 3.1 - Event detection

Throughout the analysed period, LP activity at Mt Etna is sustained over time, with rates of up to
5-20 events/hour. LP energy is concentrated within the 0.3 - 3Hz frequency band, with a main peak
below 1Hz. Automatic detection of LP events is performed using the STA/LTA (Earle and Shearer
(1994)) ratio, calculated over signals band-pass-filtered between 0.3 and 1 Hz. We thereby found
12795 events.

Figure 3a reports the amplitudes of the detected events versus time at ETOO seismic station;
amplitudes are obtained by averaging the absolute value of the signal over 10 seconds around the
trigger time. Figures 3b and 3c show the frequency distributions for the LP amplitudes and the
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fraction of spectral amplitudes below 1.5 Hz, respectively. The distribution of delay times between
stations ET00 and ETA1 derived from cross-correlation is illustrated in the histogram of Fig.3d. All the
distributions reported in Figure 3 are bimodal, suggesting the presence of two distinct populations of
events, characterized by different locations, spectral content and amplitude.
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Fig. 3. Catalogue I-LP events detected by STA/LTA method: a) Amplitudes of the events over time; b) Histogram of the
amplitudes; c) Spectral content expressed as the fraction of the spectral amplitudes below 1.5Hz; d) Histogram of the delay-
times observed between station ET00 and ET29.

2.3.1.1 - Waveform classification

LP waveforms exhibit a high degree of waveform similarity, thus providing a criterion for source
classification/separation. Using the first 3000 events from the catalogue obtained through the
STA/LTA approach, we calculate the cross-correlation function for all the independent event pairs,
using 10-s-long windows encompassing the maximum amplitude of the 0.3-1Hz filtered signal from
summit station ETO0. Maxima of the cross-correlations are then arranged into a correlation matrix,
which is eventually used for grouping events whose correlations were greater than a threshold of 0.8.
In this procedure, once an event is extracted and assigned to a family, it is removed from the
correlation matrix and thus cannot be attributed to any other cluster.

1218 out of 3000 elements are classified according to two main families. Individual family
members are then aligned according to the inter-event delay times obtained from correlation
analyses and stacked to derive a family-representative template waveform.

In order to improve the completeness of the catalogue, we then use these templates for a
matched-filtering procedure applied to the corresponding, day-long seismograms. We retain events
whose correlation with the template waveform is higher than 0.8, thus obtaining a total of 8894 and
9116 events for the first and second families, respectively (Figure 4).
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Fig. 4. Left-Representation of the Family | LP catalogue, the color represents the normalised amplitudes of the events; Right-
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2.3.2 - LP Families | and Il

Associated with the first family of events are the most energetic events, with amplitude
distribution peaked at 0.9x10°m. Most of the energy of these LP events is concentrated within a
narrow spectral peak centered at around 0.5 Hz. Events from the second family are less energetic
(lowest mode in the amplitude distribution in Fig. 3a, and the signal-to-noise ratio (SNR) is therefore
poor, especially as one gets farther from the crater area. These LPs are characterised by higher
frequency content, as the main spectral peak spans the 0.5Hz - 1 Hz range. Overall, these two
families correspond to the two different populations of events previously identified on the base of
the amplitude and spectral energy distributions. Due to the poor signal-to-noise ratio observed for
family 1l, we pursue our analysis only considering the LP events of the family | in the following
sections.

2.4 - Location

2. 4.1 - Residual Time computation

We locate the LP events of Family | with the technique used by De Barros et al., (2009) on a

dataset of LP events recorded during the 2008 eruptive crisis. This method is based on the delay-
times measured between pairs of stations and involves two steps.
(i) First, we derive the location of the centroid of the cluster of events by locating a master event. We
define regularly-spaced nodes of grid and for each node located at x, we compute the associated
theoretical delay time tthij (x) between the i™ and the jth stations. The location of the center of the
cluster of events is found for x which minimises the following expression:

E(x) = Ly (ti] (x) — t57° (x0))? 1)
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(ii) the second step consists of calculating the location of the individual events, using the center
of the cluster as a reference point. We thus realign the events with the delay time expected for the
location of the centroid Xo. By cross-correlation, we measure the residual times: at;}bS(x) = t{’j’” —
ti (X,).

The location is then found by minimizing the sum of the squared differences between observed
and theoretical residual times for a grid of source position.

We consider the stations ET00, ET01, ET29 and the two small arrays for the location.

Other stations are not taken into account because of the waveform variations due to the path
effects more pronounced for more distant stations (see Bean et al., 2014)). The master event for the
first step of the procedure is obtained by stacking the aligned LP events at the chosen seismic
stations. We examined grid points within a dimension of 4x4x2.2 km® with an inter-node distance of
100 m. We supposed a constant S-wave velocity for the computation of the travel times that
minimizes the residuals, i.e. 2 km/s. We obtain the best location of the event cluster at Xo = (499.1;
4178.2; 2.45) km. For the second step of the procedure, we use gridding of a dimension of 2x2x1.4
km?® with 20 m and 10 m spacing for the horizontal and vertical axes, respectively. For a better signal-
to-noise ratio, we select the most energetic events, with an amplitude greater than 1.2 x 10° m,
namely a total amount of 1477 events. An objective function is computed on the source grids for the
individual events and the best location is determined by its minimum. The results are well resolved
on the horizontal plane, showing a source located around 499.2 km UTM (Longitude) and 4178.2 km
UTM (Latitude), as reported in figure 5. An eastward migration of the source is observed throughout
the analysed time interval. The results present, along the vertical axis, a wide spreading from the
surface down to approximately 1 km below the crater area, with an event clustering between 2 and
2.5 km and another one around 2.9 km of elevation a.s.l. (see Fig. 5).

2. 4.2 - Back-propagation of the Polarisation vector

We derive the polarisation attributes of the LP signals using the method of Kanasewich (1981),
based on the computation of the covariance matrix. The matrix elements are calculated over 3s-long
windows sliding by 0.5 s on the 0.3 - 3 Hz band-pass filtered signals. This is applied to stations ETOO,
ETO1, ECPN and array APCZ. Events from Family | also exhibit a weak VLP (Very Long Period)
component, which is observed only at summit station ECPN. The VLP spectral peak is centered at
about 0.05Hz, with a duration of about 30 seconds. For a set of 202 available VLP events, we evaluate
the covariance matrix using 20 s-long windows on the signals filtered between 0.01 and 0.1 Hz. Clear
rectilinear motion for VLP events is observed only at station ECPN. Polarisation azimuths are
consistent with the location inferred from travel time inversion only at station ETO1, ECPN and ET29
(see Fig. 6a). The rest of the sites exhibit deviation, which suggests wavefield complexities likely
related to near-field effects (e.g. Lokmer and Bean (2010)).
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Fig. 5. Location of a set of Family | LP events at Mt Etna through the computation of the residual delay times. A)
Representation of the solutions on a W-E cross-section crossing the crater area; B) Location of the events over time C)
histograms of the solutions for the 3 coordinates.

To derive estimates on source depths, we projected back the polarisation parameters relative to
the first impulse of the events on a vertical axis crossing the crater area. We considered the waves
propagating in a homogeneous medium, thus without increase of the incidence angle with depth.
Hence, we do not account for possible deviation of the ray that is reduced to a simple straight line
(Fig. 6b).

2. 4.3 - Location based on back propagation of slowness vector

To obtain the directional properties of the long-period activity, we apply the plane wave fitting
described by Del Pezzo and Giudicepietro (2002). This multi-channel technique, which is based on the
plane wave approximation, computes the time delays by cross-correlation of independent pairs of
signals recorded by the array. The horizontal slowness vector (Sx, Sy) is then obtained by a least
squares approach. The ray parameter Rp and azimuth angle ¢ (propagation direction with respect to
the geographic north) are determined by the following relationships:

R, = [(S2+52) ¢ = tan? (i—") @
y
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Fig. 6. a) Rose diagrams of polarisation azimuths for LP (light gray) and VLP(black) signals, and backazimuths derived from
slowness analysis (dark gray); b)depths inferred from back-propagation of polarization (ET29, ECPN-LP, ECPN-VLP) and
slowness vectors (ACPN-FK, APCZ-FK). The epicentral distances considered for the depth estimations are given by the distances
between the stations and the averaged epicentre point obtained by the location of the LP events through the computation of
the residual delay times: (499.1, 4178.2) km.

The analyses are conducted on data from the arrays ACPN and APCZ using 3-sec-long windows
sliding along the LP recordings with 0.5 s increments, and for the 0.3 - 3 Hz frequency band.

Family | LP events present back-azimuth angles varying from 230 to 260° at array ACPN, thus
deviating from the crater area, as inferred from the previous results. Instead, at array APCZ, back-
azimuth angles span the 30-40° range, fully consistent with the central crater direction (see Fig. 6). At
ACPN, the associated ray parameters are centered around 0.4 km/s. This value increases (i.e.
apparent velocity decreases) after the peak amplitude of the events, suggesting the contribution of
surface waves propagating in a shallower medium (observed on the entire waveforms at APCZ). We
estimated the depth of the source by tracing back the seismic rays for each value of ray parameter
obtained. For this procedure, we assume straight rays geometry, since the source-to-receiver
distances are smaller than the wavelength of interest (~4 km). The incidence angle of the wavevector
is derived from the relationship

0 = asin(R, % V) ©)

where Vg is the average velocity throughout the ray path. By assuming Vi = 2 km/s (see section 3.1),
we find @ in the range 45-60°, which is consistent with the incidence angles derived from polarisation
estimates at station ECPN. Results indicate a source at depths spanning the 0-1 km beneath the
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summit (Fig. 6). However, the aperture of the array is not wide enough to solve accurately the LP
wavelengths and thus introduces uncertainties in the results as it is clearly observed by the deviation
of the backazimuth angles from the crater direction.

2.5 - Moment Tensor Inversion

The moment tensor inversion allows us to recover the seismic source properties from the signals
recorded on the surface. The ground displacement is related to the system of forces acting at the
source through the representation theorem (e.g. Shearer (2009)):

U (x;t) = Gy j(x, £ X5, t5) * Myj(x,,t) 4

where Uy is the k™ component of the displacement, M; the force couple or dipole in the ij direction
acting on the source, and Gy are the derivatives along the x-direction of the K™ components of the
elastodynamic Green's function Gy; containing the propagation effects. X, is the source point location
and t, time of the source perturbation. x is the location of the receiver on the surface.

The Green's functions (GF) have been computed with the Lattice model described by O'Brien et
al. (2009) with the velocity information extracted from the tomography of Patane et al., (2002) for 7
stations located on the summit of the volcano (ETO0, ET05, ET06, ET10, ET22, ET23, ET29). For the
distance range spanned by the selected stations, the velocity model can be considered
homogeneous. The convolution in Equation (4) is equivalent in the frequency domain to the product
between the moment tensor and the partial derivatives of the Green functions. The moment tensor
inversion thus consists of solving a system of linear equations expressed in matrix notation as d=Gm
where d is the seismic displacement, G the matrix of the partial derivatives of the GF and m the
unknown moment tensor (Auger et al., (2006)). The problem is then solved for m using the Moore
and Penrose pseudo inverse (Aster et al., (2013)). Transforming the results back into the time
domain, the inversion gives six Source Time Functions (STF). To determine the source mechanism and
the orientation, the STFs are decomposed into their eigenvalues and eigenvectors by performing the
principal component analysis described by Vasco (1989).

We then apply this moment tensor inversion to a set of grid points that encompass, as a whole,
the uncertainties in location of the source inferred from the three methods presented above. The
grid nodes are separated by distances of 40 m on the x and z- axes and 120 m along the y-axis. The
inversion is repeated for a selection of events (144) with amplitude greater than 1.2x10°m. The fits
of the waveforms are well recovered for the four stations closest to the summit, because of the
highest signal-to-noise ratio. For each grid point, we computed the residual errors between the data
and the reconstructed signals through the relationship:

(d—Gm)T(d—Gm)

Misfit = T (5)

We sum the residual errors from the three components of the signals and the seven stations for
each of the grid point considered in the location volume. We obtain two clusters of minimal errors;
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the first around 2.5 km of elevation and the second around 3 km. These results are consistent with
the two clusters of hypocenters detected by the location through the delay residual time
computation described in the previous section. In particular, the absolute minimal residual error is
obtained for a source located in the point (499.2, 4178.5, 2.4) km (Fig. 7 a).

The MT solutions are parametrised through the ratio of the modulus of the MT eigenvalues.

Results are reported in figure 7b and 7c. We observe significant spatial changes for these two
variables with A; /A; varying in between the values 0.1 and 0.9 and with A, /A3 varying in between the
values 0.6 and 0.9 for small distance variations. Consequently, errors in source location may lead to
different interpretation of the source mechanism.

The results of the moment tensor inversion for the particular source point with the minimal
residual errors at ~ 2.4 km a.sl. are shown in Figure 8 a). The histograms show peaks of A;/A; and
Mo/Asratios in 0.72 and 0.85, respectively, approaching an explosion mechanism.

Similarly the results for a source situated in (499.2, 4178.25, 3) km are instead shown on Figure
8b. In this case the more likely eigenvalues ratios are both 0.63, equivalent to a system of forces of
1:1:1.7, thus approaching a crack mechanism. The trace of the moment tensor is a measure of the
volume changes at the source (Shearer (2009)). We observe that such changes also vary as a function
of the source position taken into account (Fig 7b). In particular, the volume changes between the two
best fit LP sources (~2.4 and ~3 km a.s.l.) vary by a factor of two. This observation indicates that one
has to be careful once using the MT inversion for estimating the mass budget of a volcano.
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2.6 - Conclusions

Despite using different location techniques, we were unable to retrieve consistent estimates for
the LP source depth. This may be due to several causes, including (1) utilization of a homogeneous
velocity structure, or (2) near-field effects. As for the first cause, if we assume that the true volcanic
structure is characterised by a positive velocity gradient with depth, then our straight-ray
approximation would lead to an over-estimate of the source depth. Mitigating this issue, however, is
the fact that the dominant LP wavelengths (order of 4 km) are larger than the source-to-receiver
distances accounted for herein: under this condition, ray trajectories are not significantly affected by
velocity heterogeneities. Near-field effects have been thoroughly investigated by Lokmer and Bean
(2010), who showed distortion in the polarisation attributes, especially when the source mechanism
has weak isotropic components. At present, this interpretation is more applicable to our data. Source
mechanisms determined from MT inversion are largely affected by the uncertainties in source depth,
and exhibit a great variability in the estimate of both scalar moment and orientation and size of the
force system acting at the source. These determinations are therefore not sufficient to put rigorous
constrain on the actual physical mechanism driving LP activity.

Taken together, these points highlight the difficulties in approaching the determination of LP
source mechanism at Mt Etha under a purely deterministic approach.

The lack of knowledge about the fine internal structure of the volcanic edifice hinders the
accurate prediction of elastic wave propagation, thus implying large uncertainties in the estimate of
source location and mechanisms.

36



Long-Period events at Mt Etna, Italy

Acknowledgements

The research leading to these results has received funding from the European Union Seventh
Framework Programme (FP7/2007-2013) under the project NEMOH, grant agreement n° 289976.

| thank my supervisor G. Saccorotti for his guidance, support and encouragement along the
NEMOH project and PhD. | thank my PhD supervisor C. Bean and |. Lokmer from UCD for the so many
discussions and help given for my work. Thanks to H. Aochi for hosting me at BRGM for my
secondment and for the long discussions on inversion. Many thanks to F. di Traglia from the
University of Florence for the collaboration and interesting work achieved.

References

Arciniega-Ceballos, A., Chouet, B. and Dawson, P. (2003). Long-period events and tremor at Popocatepetl
volcano (1994-2000) and their broadband characteristics. Bulletin of Volcanology 65 (2), 124-135.

Aster, R., Borchers, B., and Thurber C. H. (2013). Parameter estimation and inverse problems. Academic Press.

Auger, E., D'Auria, L., Martini, M., Chouet, B. and Dawson, P. (2006). Real-time monitoring and massive inversion
of source parameters of very long period seismic signals: An application to Stromboli volcano, Italy.
Geophys. Res. Lett. 33 (4).

Bean, C. J., De Barros, L., Lokmer, I., Metaxian, J.-P., O'Brien, G. and Murphy, S. (2014). Long-period seismicity in
the shallow volcanic edifice formed from slow-rupture earthquakes. Nature geoscience 7 (1), 71-75.

Burton, M. R., Neri, M., Andronico, D., Branca, S., Caltabiano, T., Calvari, S., Corsaro, R., Del Carlo, P., Lanzafame
G., Lodato, L., et al. (2005). Etna 2004-2005: An archetype for geodynamically-controlled effusive
eruptions. Geophysical research letters 32 (9).

Chouet, B., (1985). Excitation of a buried magmatic pipe: a seismic source model for volcanic tremor. Journal of

geophysical research 90 (B2), 1881-1893.

Chouet, B., (1986). Dynamics of a fluid-driven crack in three dimensions by the finite difference method. Journal
of Geophysical Research: Solid Earth (1978-2012) 91 (B14),13967-13992.

Chouet, B., (1992). A seismic model for the source of long-period events and harmonic tremor. In: Volcanic
seismology. Springer, pp. 133-156.

Chouet, B., (1996). New methods and future trends in seismological volcano monitoring. In: Monitoring and
mitigation of volcano hazards. Springer, pp. 23-97.

Chouet, B., Dawson, P., Ohminato, T., Martini, M., Saccorotti, G., Giudicepietro, F., De Luca, G., Milana, G. and
Scarpa R., (2003). Source mechanisms of explosions at Stromboli volcano, Italy, determined from
moment-tensor inversions of very-long-period data. J. geophys. Res 108 (B7), 2331.

Corsaro, R. and Miraglia, L., (2005). Dynamics of 2004-2005 Mt Etna effusive eruption as inferred from petrologic
monitoring. Geophysical research letters 32 (13).

Davi, R., O'Brien, G., Lokmer, I., Bean, C., Lesage, P. and Mora, M., (2010). Moment tensor inversion of explosive
long period events recorded on Arenal volcano, Costa Rica, constrained by synthetic tests. Journal of
volcanology and geothermal research 194 (4), 189-200.

De Barros, L., Bean, C., Lokmer, I., Saccorotti, G., Zucarello, L., O'Brien, G., Metaxian, J. and Patane, D. (2009).
Source geometry from exceptionally high resolution long period event observations at Mt Etna during
the 2008 eruption. Geophys. Res. Lett., 36, L24305.

Del Pezzo, E. and Giudicepietro, F., (2002). Plane wave fitting method for a plane, small aperture, short period
seismic array: a mathcad program. Computers & geosciences 28 (1), 59-64.

Di Grazia, G., Falsaperla, S. and Langer, H. (2006). Volcanic tremor location during the 2004 Mount Etna lava

37



Long-Period events at Mt Etna, Italy

effusion. Geophysical research letters 33 (4), L04304.

Earle, P. S. and Shearer, P. M. (1994). Characterization of global seismograms using an automatic-picking
algorithm. Bulletin of the Seismological Society of America 84 (2), 366-376.

Kanamori, H., Ekstrom, G., Dziewonski, A., Barker, J. S. and Sipkin, S. (1993). Seismic radiation by magma
injection: An anomalous seismic event near Tori Shima, Japan. Journal of Geophysical Research: Solid
Earth (B4), 6511-6522.

Kanasewich, E. R. (1981). Time sequence analysis in geophysics. University of Alberta.

Kumagai, H., Chouet, B. and Dawson, P. (2005). Source process of a long-period event at Kilauea volcano, Hawaii.
Geophysical Journal International 161 (1), 243-254.

Lokmer, I. and Bean, C. (2010). Properties of the near-field term and its effect on polarisation analysis and source
locations of long-period (LP) and very-long-period (VLP) seismic events at volcanoes. Journal of
volcanology and geothermal research 192 (1), 35-47.

Lokmer, ., Bean, C., Saccorotti, G., Patane, D., et al., (2007). Moment-tensor inversion of LP events recorded on
Etna in 2004 using constraints obtained from wave simulation tests. Geophys. Res. Lett 34 (22), L22316.

Lokmer, ., Saccorotti, G., Di Lieto, B. and Bean, C. (2008). Temporal evolution of long-period seismicity at Etna
Volcano, Italy, and its relationships with the 2004-2005 eruption. Earth and Planetary Science Letters 266
(1-2), 205-220.

Nakano, M., Kumagai, H. and Chouet, B. (2003). Source mechanism of long-period events at Kusatsu-Shirane
Volcano, Japan, inferred from waveform inversion of the effective excitation functions. Journal of
volcanology and geothermal research 122 (3-4), 149-164.

Neuberg, J., Tuffen, H., Collier, L., Green, D., Powell, T. and Dingwell, D. (2006). The trigger mechanism of low-
frequency earthquakes on Montserrat. Journal of Volcanology and Geothermal Research 153 (1), 37-50.

O'Brien, G., Bean, C. and Tapamo, H. (2009). Dispersion analysis and computational efficiency of elastic lattice
methods for seismic wave propagation. Computers & Geosciences 35 (9), 1768-1775.

Ohminato, T., Chouet, B. A., Dawson, P. and Kedar, S. (1998). Waveform inversion of very long period impulsive
signals associated with magmatic injection beneath Kilauea volcano, Hawaii. Journal of Geophysical
Research: Solid Earth 103 (B10), 23839-23862.

Patané, D., Chiarabba, C., Cocina, O., De Gori, P., Moretti, M. and Boschi, E. (2002). Tomographic images and 3D
earthquake locations of the seismic swarm preceding the 2001 Mt. Etna eruption: evidence for a dyke
intrusion. Geophysical Research Letters 29 (10), 1497.

Shearer, P. M. (2009). Introduction to seismology. Cambridge University Press.

Tuffen, H., Dingwell, D. B. and Pinkerton, H. (2003). Repeated fracture and healing of silicic magma generate ow
banding and earthquakes? Geology 31 (12), 1089-1092.

Vasco, D. (1989). Deriving source-time functions using principal component analysis. Bulletin of the
Seismological Society of America 79 (3), 711-730.

38



Long-Period events at Mt Etna, Italy

Lena Cauchie, Belgium
cauchiecaruso@unistra.fr

Affiliation under NEMOH
Istituto Nazionale di Geofisica e Vulcanologia, Sezione di Pisa, Pisa,
Italy

Research theme under NEMOH
Quantifying uncertainties in location and source mechanism for
Long-Period events at Mt Etna, Italy.

| made my first steps in seismology, with immediate application to volcanology, during my MSc
degree in Geophysics at the University of Pisa, Italy.

My deep interest in volcanology led me to elaborate my MSc thesis in collaboration with the Istituto
Nazionale di Geofisica e Vulcanologia (INGV) on the definition of the shallow velocity structure at Mt
Etna. At that time | participated to my first seismic fieldwork on Etna volcano, an experiment settled
jointly with other European universities for the installation of a network of 50 seismic stations.

In 2010 | undertook a PhD at the University College of Dublin (UCD) in the Geophysics Group. |
investigated the source properties of the long-period (LP) seismic events of Mt Etna through a
statistical analysis. | compared the behaviour of the LP activity with the empirical laws describing
earthquakes recurrence, in order to understand what kind of relationships exists between the two
different earthquake classes.

| joined the NEMOH project in November 2012 at INGV-Pisa to work on the probabilistic inversion of
simulated and observed geophysical data. In particular my work aimed at the assessment of the
uncertainties of the LP source properties at Mt Etna as a consequence of poor knowledge of the
velocity model, and was therefore in perfect line with my PhD project. Among the skills developed
during the NEMOH project, | may mention seismic data processing, inversion theory, statistical
analysis, coding, and interdisciplinarity.

| collaborated with several research institutions such as the University of Florence and the Bureau de
Recherches Géologiques et Minieres in France for part of my secondment. There, | could learn
numerical codes needed in the process of inversion. | also spent my secondments in UCD where |
improved my practice on the inversion of field data. The NEMOH project allowed me to participate to
many workshops and to present my work at conferences such as EGU in 2013 and 2014.

After completing my PhD in 2015, | pursued my career as a post-doctoral researcher, first in
collaboration with the Dublin Institute of Advanced Studies for the analysis of tremor activity at
Arenal Volcano in Costa Rica and then at the University of Strasbourg on microseismicity induced by
geothermal reservoirs.

My research career will definitively keep following this path: investigating (micro) seismicity to
understand the mechanism at its origin. The integration of seismic data with data from other
disciplines is an important aspect | intend to develop in my research career.

39


mailto:cauchiecaruso@unistra.fr




The Mogi problem: an application to Long Period (LP) seismicity

Chapter 3

Link between pressure variation and Moment Tensor (MT) in
seismic isotropic sources: a comparison with the Mogi
Problem

Claudio Trovato
BRGM, Orléans, France - ISTO, Orléans, France

Tutorship: Hideo Aochi

BRGM, Orléans, France - ISTO, Orléans, France

Abstract

Long Period (LP) and Very Long Period (VLP) seismic events recorded worldwide on volcanoes are thought to
be generated by fluid and gas movements occurring in the shallow portion of the volcanic edifice. Their source
process is related to tensile variation of the walls of the structure which accommodates their generation.
Moment tensor inversion is the main tool used to get insight into the source mechanism of LP and VLP events,
but the retrieved seismic moment may not always have a clear physical meaning. The problem comes from the
fact that different approaches are proposed in literature to relate the seismic moment to the exerted pressure
and the volume variation occurring at the source. In order to test different approaches, | compare an analytical
solution with numerical simulations and compute the static permanent displacement recorded at the free
surface resulting from an isotropic source embedded at depth. The comparison shows that the pressure
variation of an isotropic source can be estimated from the retrieved moment tensor, but careful attention must
be paid in defining the source geometry as errors can arise in the estimation of the pressure magnitude.

Keywords: Numerical solutions, Inverse theory, Volcano seismology, Wave propagation

3.1 - Introduction

Volcano seismology is the study of earthquakes in volcanic regions. The first aim of volcano
seismology is to understand the dynamics of seismic sources associated with the injection and
transport of magma and related hydrothermal fluids (Chouet, 2003). The main issue is the
understanding of the complex system of forces which originates in the source region. This system of
forces is related to the change of stresses in the medium required to initiate the wave propagation. A
unique definition of this system of forces is not present. Conventionally, this seismic source is
represented by a symmetric 3x3 tensor, the so called moment tensor (Backus and Mulcahy, 1976;
Gilbert, 1971; Julian et al., 1998) constituted by couple of forces with opposite direction acting on a
single point (Aki and Richards, 2002; Julian et al., 1998; Madariaga, 2007). The combination of these
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dipoles represents the equivalent system of forces acting in the source region. Each component is an
independent function of time and can be threaded separately (Madariaga, 2007). The moment
tensor is a useful tool to describe not only shear cracks but also to take in account for tensile
components in the source region such as tensile cracks, pipes and explosions.

In this work | am focusing on a particular kind of seismic signals, the so called Long Period (LP)
and Very Long Period (VLP) events, which are often observed in volcanic contexts and are thought to
be connected to mass movements at depth and resonance occurring in the volcanic conduit (Chouet,
1996, 2003; Chouet and Matoza, 2013; De Barros et al., 2011; Gilbert and Lane, 2008; Madariaga,
2007). Recently, Bean et al., (2013) extended the observations of Harrington and Brodsky, (2007) and
proposed an alternative model for explaining shallow LP seismicity. They analyzed the pulse-like
nature of some LP events recorded on volcanoes and explained their origin as a slow failure of the
weak shallow volcanic edifice close to the brittle-ductile transition. Their conclusions suggest that
careful attention should be paid in using LP events as direct indicators of magmatic/hydortermal
fluids. Here | focus on the former hypothesis which can be related to volume variation of the dikes
initiated by the movement of gases or magma (e.g. De Barros et al., 2011; Chouet, 1996; Chouet and
Matoza, 2013; Gilbert and Lane, 2008; Madariaga, 2007). We have to imagine a complicated
interconnected system of fractures of different dimensions which are traversed by a mixture of melt
rocks, crystals and gases (e.g. Kumagai and Chouet, 2000; Kumagai et al., 2005; Ohminato et al.,
1998). The movement of this mixture is supposed to be triggered by pressure variations (Nakano et
al., 2003). Thus, part of the displacement of the crack walls could result in a static permanent
displacement The simplest case we can consider is a spherical source without deviatoric
components. In this case the isotropic part of the moment tensor can be seen as the representation
of an explosion/implosion. The aim of this paper is to find the connection between a real system of
forces, that can be the AP (pressure) exercised uniformly on the wall surface of the sphere, and the
equivalent moment tensor magnitude.

Mogi (1958) proposed an analytical formula to compute the static permanent displacement at
the surface due to an explosion source at a certain depth. He assumed that the Earth’s crust is an
ideal semi-infinite elastic body and that the deformation at the surface is caused by the spherical
source with hydrostatic pressure change. The analytical formulas in their compact form are:

1d = 3adpP d .
4# (f2 + d2)3/2 ( )

3a°P
an=2 f @)

M (f2+ a2y

where Ad and Ah are the radial and vertical displacement at the surface, a is the radius of the
phere with the hydrostatic pressure, P is the hydrostatic pressure variation, f is depth of the center
of the sphere, d is radial distance on the surface from the center and u is a Lame’s constant. Mogi
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(1958) validated his formula by obtaining good correspondence between his computed values for
ground deformation and field data collected on some Japanese volcanoes in the first half of 20"
century. The good correspondence was obtained for a << f, it means a sphere of small radius
embedded at a considerable depth. Even if the analytical solution has been designed for long-period
deformations, | can apply the same to the sudden elastic displacement induced by a seismic source.

3. 2 - Moment magnitude for an explosion

The deformation of the volcanic edifice is treated like an elastic response of the volcano to an
excess magmatic pressure at depth (Anderson, 1937; Battaglia et al., 2003; Bonafede et al., 1986;
Delaney and McTigue, 1994; Gudmundsson, 2006; McTigue, 1987; Mogi, 1958). The parameters
which control this static displacement are the AP, the radius of the sphere a and its depth f (Figure
1). The process producing this static permanent displacement at the free surface is directly related to
the volume variation of the walls of the sphere.

N

Static
Vertical

Surface
Dizplace ment

Free Surface

L d B Receivers
Mogi analytical
solution f Homogeneous
medium

_3a3AP  f :
TR DRE

Figure 1. Schematic representation of the Mogi problem. A AP is imposed on the sphere wall at depth and a static vertical
displacement is recorded at the surface. a is the radius of the sphere, f the sphere depth, D and d represent the external and
internal displacement of the wall of the sphere respectively. The analytical solution of Mogi, (1958) for the static vertical
displacement recorded at the surface is reported as an example. The key point is how to express the My at source in function
of the AP imposed at the sphere wall.
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Two main approaches are present in the literature to relate the volume expansion of a sphere and
the isotropic moment of the signals recorded at the free surface: the first derived by Eshelby, (1957)

M, = (A + g,u)AV )

and the second proposed by Muller, (1973)
My = (A+ 2u)8V @)

in both equations M, is the isotropic moment, A and p are the Lame’s parameters of the
homogenous isotropic elastic medium and AV and &V are the tensile expansion of the external wall
of the sphere induced by the explosion. AV and 6V are referred to the same process but | use a
different notation following the work of Richards (2005) who states that their use is similar but they
are referred to the computation of two slightly different volume variations. The works of Muller
(2001) and Richards (2005) are complementary and both threat the issue of which of the two
Equations (3) or (4) better quantify the energy released (by meaning of the volume variation) by an
explosive source at depth. For Richards (2005) Equation (3) is related to the volume variation in case
the source has no confining hydrostatic pressure (the so called “unconfined volume change”), so it’s
free to expand without constraints, while equation (4) should reflect the real case where the
hydrostatic pressure at depth of the sphere is considered and the volume expansion is limited by the
surroundings. For Muller, (2001) the two equations simply reflect two extreme cases of volume
variation related to the shape of the source. Equation (3) should correspond to a crack (a volume
with one dimension much smaller than the two others) while Equation (4) should correspond to a
sphere. The two computed values for AV and 8§V should simply give a range of possible volume
variations for different source shapes. Kumagai et al. (2014) have compared five different
representations for a spherical source and their displacement fields. From the equivalence of the
displacement fields, Equation (4) should be used to compute the volume variation due to a spherical
or isotropic source, while Equation (3) for three tensile crack volumes or a spherical crack (Kumagai
etal., 2014).

The best solution for the computation of the moment magnitude of our problem should be
Equation (4) because I'm looking for the moment magnitude of a sphere (spherical source)
embedded at a certain depth, so confined by a certain hydrostatic pressure. | will now compare
numerically the results from both two Equations (3) and (4) in order to find the best solution.

3. 3-Volume Variation

The main issue is to relate the volume variation to the AP imposed on the wall of the sphere.
Different approaches are present in literature to relate the AP to the radius expansion D (say from a
to a + D) (Aki and Richards, 2002; Gottsmann et al., 2006; Masterlark, 2007; Muller, 2001; Wielandt,
2001). Among all the different approaches | will focus on the solutions proposed by Aki and Richards
(2002) and Muller (2001). Both equations (3) and (4) will be used to compute the isotropic moment
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(M,). | obtain the volume variation by the displacement of the sphere’s wall using the formula (Aki
and Richards, 2002)

AV = 4ma?D (5)
where D is the external displacement of the external wall.
Aky & Richards (2002)

The first solution comes from Aki and Richards, (2002). In chapter 3 they propose some problems
connected to the quantification of the radial displacement of the external wall of a sphere. Following
their equations the pressure variation can be related to the external displacement by

D_APa
= 75

(6)

This solution applies in the case the expansion is able to attain his “stress-free” value, it means
that the effects of the confining pressure of the medium are not taken in account. This solution
corresponds to the “spherical source” in Kumagai et al. (2014). Hereafter, | refer to this solution as
“Aki & Richards I”.

A second solution from Aki and Richards, (2002) takes in account for the confinement of the
source region. They propose to compute a constant of proportionality

4= AP
31+ 2u

such that the static radial displacement of the sphere wall is
D =Aa (8)

Like expected the second solution leads to lower volume expansion values. This solution
corresponds to the “Eshelby spherical source” with strain-free stress conditions in Kumagai et al.
(2014). Hereafter, | refer to this solution as “Aki & Richards II”.

Muller (2001)

In the approach followed by Muller, (2001) the author makes a distinction between an internal
and an external displacement. He imagines a spherical tensile crack which walls, after the
application of AP, move both outward (D) and inward (d), the sum of the two displacement is
Do=D+d (Figure 1). To compute such displacements he introduces a second constant of
proportionality
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AP a3
B = ” )

then he computes the total displacement

D, = (5) — Aa (10)

a’

and the external displacement

(,1 + %“) D,

A+2u

D= (1)

Following the definition proposed by the author, the isotropic moment is computed by means of
Equation (3) using the D, value for the total displacement (internal + external), and by means of
Equation (4) using the D value for the external displacement. This solution corresponds to the
“spherical crack source” in Kumagai et al. (2014).

3. 4 - Comparison and results

In this article, to calculate synthetic seismograms, | use the open-source code EFISPEC3D
(http://efispec.free.fr). This computer program (under double licenses CeCILL-V2 and GNU-GPL-V3)
solves the three-dimensional equations of motion using a continuous Galerkin spectral-element
method. The correctness of the implementation of the spectral-element method into this code has
been thoroughly verified in De Martin (2011) and Chaljub et al.( 2015). EFISPEC3D is used in
computational seismology to better understand the impact of lithological and topographic effects on
near-surface Green's functions (Maufroy et al., 2015).

I will now show the different approaches solutions computed with EFISPEC3D and compare the
numerical results with the analytical solution of Mogi in order to validate the best approximation.
Geometry and model parameters are as follow. The modeled medium is a cube (x 50 km, y 50 km, z
50km). The large size becomes from the intent to avoid artificial reflections from the boundaries. |
choose a homogenous medium with Vp = 3464 m/s, Vs = 2000 m/s and density p = 2600 Kg/m3 in
order to obtain Lame’s parameters A = p as assumed in the Mogi (1958) assumption. The source is an
isotropic source embedded at depth with three diagonal components of the moment tensor
expressed as

My = myy =My, = MO (12)
where Myis computed towards Equations (3) and (4) respectively.

| choose two different cases (one with the source at 1000 m depth, the second with the source at
2000 m depth). According to the assumptions of Mogi (1958), the source radius is much smaller
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compared to the source depth, hence numerical solutions are computed for two different sphere
radius, a = 100 m and a = 10 m. The source time function (STF) is a hyperbolic tangent function with
a final static non-zero value and a dimensionless amplitude in order to simulate the static permanent
displacement (Figure 1). The frequency content of the second derivative of the STF is zero above 3 Hz
in order to guarantee numerical stability in the simulations. | place 43 receivers along the x-axis
(from x = 0 m to x = 9500 m) in order to measure the final static permanent displacement on the
vertical and radial components (when the final static value is reached, | choose to take values at 5 s
later than the first S-Waves arrivals).

Source tfime funclion

- Single-Sided Amplitude Spactrum ol ¥*(1)

- - - ——
Eraquenrcy [HI

Figure 2. Step source time function used to simulate the static permanent displacement of the sphere wall numerically (top).
The spectrum of the second derivative of STF (bottom) with a frequency content lower than 3 Hz.

| choose two pressure values AP; = 1 MPa and AP, = 0.1 MPa. For each pressure value and
sphere radius | compute AV by means of equation (5) for three different D (displacement of the
external wall) computed towards Equations (7), (8), and (11). The seismic moments (M) are then
computed towards equations (3) and (4). For each geometric configuration (sphere radius and
depth) listed in Table 1 | end up with five different Mg values reported in Table 2, Table 3 and Table
4. As In the calculus for the computation of My from the AP there is no relation to the sphere
depth, the values of My and AV computed for configuration 4 are the same as in configuration 1.
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Figure 3. Horizontal static displacement recorded at the surface for the different values of M. The analytical solution of Mogi
is the red line. Perfect correspondence is obtained with the value of AV computed with the “Aki & Richard I” method and the
equation My obtained with Equation (4) (Muller, 1973). Error bars appear on the numerical simulations.

Results for configuration 1 (Figure 3 and Figure 4) show perfect matching between the analytical and
numerical solutions for the AV computed with the Aki & Richard | case (Equations (5) and (6)).
Configuration 2, configuration 3 and configuration 4 (Table 1) solutions show analog coherent results
(not showed here), hence the interpretation is conducted on configuration 1 solution. The M, (Aki &
Richards I, case Muller 1973, in Figure 3 and Figure 4) at the source which shows perfect match with
the analytical solution is computed by means of Equation (4) (Muller, 1973) which should take in
account for the confining hydrostatic pressure. The AV variation at the source is only related to the
AP imposed on the sphere’s wall. Thus for the Aki & Richards | case the volume variation 4V =
~300m3 (configuration 1, Table 1) is equivalent (Table 2) for both My computed with Equation (3) or
(4). In order to match the analytical solution numerically, | need a higher Mg value to take in account
for the hydrostatic pressure (Equation 4). In inverse problems, as stated by Muller (2001), the choice
of Equation (3) or (4) for computing the AV could depend on the hypothesized source mechanism
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geometry, i.e. a spherical source for Equation (4) or a spherical crack for Equation (3). This is
confirmed by Kumagai et al. (2014), perfect matching between numerical and analytical solutions is
obtained for their so called “spherical source” which represents the displacement field of the Mogi
model (Mogi, 1958). Conversely, if the supposed source mechanism is a spherical crack (Muller, 2001),
the AP computed in an inverse problem would be one order of magnitude higher than the one found
supposing a spherical source mechanism. Figures 3 and 4 highlight the variability when different
approaches are used to compute the equivalent system of forces for different source mechanisms.
These non-negligible differences must be taken in account when interpreting the retrieved moment
tensor in terms of volume and pressure variation hence, careful attention should be paid in defining
the source mechanism process.
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Figure 4. Same as Figure 3 but for the vertical static displacement.
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Configuration Source depth (km) Sphere radius (m) AP (MPa)
1 1 100 1
2 1 100 0.1
3 1 10 1
4 2 100 1

Table 1 — Geometric configuration for different test cases

Configuration (1) Mox 10* av (m3)
(Nm)
Aki & Richards | (2002) 5,23 301,9
Aki & Richards 1l (2002) 4,18 2415
Muller (2001) 1,05 33-60
Aki & Richards | (2002) — case Muller (1973) 9,42 301,9
Aki & Richards Il (2002) — case Muller (1973) 7,54 241,5

Table 2 - Values of M, and AV for the geometric configuration 1 of Table 1 for each of the considered approaches to convert
the AP in moment magnitude (Mo). AV is computed from AP with Equations 5, 6 (Aki & Richards 1), 8 (Aki & Richards 1) and 11
(Muller). My is calculated from Equation 3 for Aki & Richards | and Aki & Richards Il solutions, while Equation (4) is used for Aki
& Richards | — case Muller and Aki & Richards Il — case Muller. Muller solution is obtained using both Equations (3) and (4) for

the two different displacement of the crack sphere wall (inward/outward displacement and only outward displacement
respectively).

Configuration (2) Mox 10 av (m3)
(Nm)
Aki & Richards | (2002) 5,23 30.2
Aki & Richards 1l (2002) 4,18 24.1
Muller (2001) 1,05 1.3-33
Aki & Richards | (2002) — case Muller (1973) 9,42 30.2
Aki & Richards Il (2002) — case Muller (1973) 7,54 24.1

Table 3 — Same as Table 2 but for geometrical configuration 2 (Table (1).
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Configuration (3) Mox 10° AV (m®)
(Nm)
Aki & Richards | (2002) 5,23 0.3
Aki & Richards Il (2002) 4,18 0.24
Muller (2001) 1,05 0.03-0.06
Aki & Richards | (2002) — case Muller (1973) 9,42 0.3
Aki & Richards Il (2002) — case Muller (1973) 7,54 0.24

Table 4 - Same as Table 2but for geometrical configuration 3 (Table 1).

3. 4.1 - Boundary conditions

Some few remarks about the efficiency of boundary conditions implemented in EFISPEC3D code
and on the decay of the vertical and horizontal permanent displacements in function of the distance
from the epicenter. In EFISPEC3D absorbing boundaries are treated with Classical P1 paraxial
approximation (Stacey, 1988) to prevent reflections and to guarantee stability in the numerical
simulations.

The horizontal permanent displacement in Figure 3 is less attenuated with distance compared to
the vertical displacement (Figure 4) which approaches a zero value at =3 km from the epicenter with
the spherical source located 1 km deep. The boundary conditions work well for the vertical
displacement while the solution for the horizontal components never converge to a zero value and
show a progressive depart from the analytical solution. This influences the convergence of the
horizontal displacement which never approaches a zero value. These remarks should be taken in
account when using the code EFISPEC3D for computation of Green’s functions or in forward
problems.

3.5 - Conclusions

| have investigated how the pressure exerted at the walls of a simple spherical source embedded
at a certain depth can be related to the MT solution.

After defining the dimension of the sphere, the pressure value imposed on the sphere’s wall
has to be related to the volume variation of the sphere itself. Different approaches have been
proposed in the literature to relate the volume variation and the pressure exerted at the sphere’s
wall (Aki and Richards, 2002; Muller, 2001). Once the volume variation computed, the moment
magnitude (Mp) can be obtained by means of two different approaches (Eshelby, 1957; Muller,
1973). The retrieved moment magnitudes are used to perform some numerical simulations of the
equivalent static displacement recorded at the free surface and compared to the analytical
solution proposed by Mogi (1958). The results show that perfect match is obtained for the My
computation (Muller, 1973) which takes in account for the hydrostatic pressure at the source and
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which correspond to the spherical source reviewed by Kumagai et al. (2014). The numerical
simulations highlight the variability of the solutions. Remarkable differences in estimating the
volume of the fluid/gas involved in the source process and the pressure variation at the source
itself arise when considering different sorts of isotropic source mechanisms.

This paper aims at giving a clarified vision of the linking between the seismic moment of an
isotropic source and the pressure variation exerted at the source itself.
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After completing my PhD, | am actually seeking new opportunities to couple both my field and
laboratory experiences and be directly involved in the surveillance of an active volcano.
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Having a background in physics oriented towards geophysics, | got the great opportunity to combine
in NEMOH theoretical and mathematical aspects with my programming and modeling interests. |
finished my studies at the University of Wirzburg in a geophysical laboratory, where | measured and
modeled the viscosity of lava from Gigjokull, part of Eyjafjallajokull volcano in Iceland, the eruption
of which resulted in 2010 in the closure of a considerable part of the European airspace. The project
included reactivation and use of the rotational viscometer. Accepting the position in NEMOH meant
moving to Iceland, a country with unique possibilities for direct observation of volcanic and tectonic
processes, with the perspective of working at the renowned University of Iceland. My project was
part of a Ph.D. under the supervision of Freysteinn Sigmundsson. The main aspect was to understand
how thermal contraction contributes to deformation measured from space by means of GPS and
InSAR. The lava flows of Hekla volcano in South Iceland offered accessibility prohibited by magmas at
depths, and became the primary focus of my studies. Several weeks of GPS field work there and a
few other locations both in Iceland and at the Taupo Volcanic Zone, New Zealand, and two NEMOH
field schools on Stromboli and in South Iceland, were enlightening. Nevertheless, most of the work
required data evaluation and modeling. Training in INSAR data processing at the University, and an
InSAR conference in Trieste, gave me additional background. A University course in measuring and
modeling geodynamics, the NEMOH network school in Bristol in forward modeling, and the NEMOH
short course in Barcelona on parallel programming, were of great help in developing a one-
dimensional model that calculates subsidence. Since the end of my contract with NEMOH, | am part
of the GEOthermal Research Group (GEORG) of FUTUREVOLC. During my leisure time | read books of
all kinds, may it be (classical) novels, technical IT books, books about sports or politics. Solving
puzzles of all kinds (e.g. projecteuler.net, cross-word puzzles etc.) is a great way to get distracted. |
also like to spend a considerable time exercising, running, hiking, biking and climbing.
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Abstract

A seismogram contains information about the seismic source and the wave path. Understanding the path
effect is important for both source inversions and geophysical investigation of the Earth’s properties at depth. In
volcanic environments, the correct interpretation of the signals is critical for a determination of the internal
state of the volcano. My work presents an application of the adjoint methodology (Tromp et al., 2005) to
investigate seismic wave propagation effects in the upper volcanic edifice. We did this by calculating sensitivity
kernels, that is, by investigating the sensitivity of different portions of a seismogram to different parts of the
velocity model. In particular, we examined the influence of near-surface low-velocity volcanic structure on the
recorded signals. We simulated examples for Mount Etna, Italy, and calculated synthetic seismograms in a 2D
heterogeneous model with topography, for sources with different dominant frequency and locations. Then, we
calculated the adjoint wavefield by time-reversing the calculated seismograms and playing them back into the
medium as seismic sources acting simultaneously at the original receiver positions. As a last step, we combined
the forward and adjoint wavefields to calculate the travel time sensitivity kernels of Mount Etna. In order to
capture a complex wave travel path, we examined the sensitivity of different portions of a seismic wavefield
(i.e., different time-windows on a seismogram) to different parts of the structural models. Results show the
importance of the shallowest velocity structure in shaping the recorded seismograms. This means that we
cannot ignore the heterogeneity of the upper volcanic edifice by the time of interpreting the observed signals.

Keywords: Volcanic edifice, numerical simulations, near-surface, sensitivity kernels

5.1 - Introduction

Complex stratigraphy, plumbing system filled with magmatic fluids, pronounced topography and
a broad set of possible source scenarios can be found in most of volcanoes [Figure 1]. In order to
obtain information about the internal state of a volcano, volcano seismology tries to understand how
the above elements are reflected in the signals recorded at the seismic network. For instance, long
period (LP) seismicity, which refers to seismic events with frequency in the range between 0.2 and 2
Hz, is commonly associated with magmatic and hydrothermal activity, whose occurrence at shallow
depths can be interpreted as an indicator of an unrest episode (e.g., Chouet, 1996).
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Seismic estation

Figure 1. Cartoon of a possible volcanic scenario.

Notwithstanding the long wavelengths of LP events, the corresponding wavefield can be
significantly distorted by near-surface structure and surface topography (Neuberg et al., 2000, Bean
et al., 2008, O’'Brien et al., 2009). Figure 2 shows an example of simulation where we observe the
importance of the propagation medium in shaping the signals produced by the same source.

That is, the signals hold information about both the seismic source and the propagation path. Our
objective is to improve our ability to understand path effects, in order to effectively remove their
contributions and obtain seismograms that are representative of the physical processes acting within

the volcano.

5.2 -The approach

In a previous work, Bean et al., (2008) accounted for near-surface velocity structure in the
computation of synthetic seismograms and sensitivity kernels to help with the interpretation of
source inversion results for LP seismic events at Mount Etna. Here we extend the above work to
make 2D numerical simulations of seismic wave propagation in the presence of topography and
heterogeneous velocity structure to investigate the relationship between different parts of a
seismogram and different portions of the structural model [Figure 3]. Then, we take advantage of
the adjoint methodology presented in Tromp et al., (2005) to study the sensitivity of seismograms
with respect to P and S wave velocities by calculating the travel time sensitivity kernels. These
kernels will show the regions of the velocity model that mostly condition the wavefield impinging at
the stations within the seismogram time window under investigation.
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Figure 2. Example of simulation. Panels at the right indicate the source time function (top), and the source (asterisk) and
receiver (triangle) locations within the 2D volcano model (bottom). The left panel shows the three different synthetics
seismograms resulting from playing the same source in three different velocity models. From top to bottom, seismograms
have been obtained from simulations calculated for (a) a homogeneous velocity model; (b) homogeneous velocity structure
with a shallow, low-velocity layer, and (c) the same as (b), but also accounting for anelastic attenuation.

5. 3 - The adjoint methodology

Adjoint methodology consists of time reversing the recorded signals and using them as a seismic
source located at the receiver position (adjoint source). Sensitivity kernels refer to the sensitivity of a
seismogram with respect to the model parameters. This sensitivity may be obtained by means of two
numerical simulations for each seismic source: one calculation for the current model (forward) and a
second (adjoint) calculation that uses time-reversed signals at the receivers as fictitious sources
determined by velocities obtained in the first simulation. Construction of travel time sensitivity
kernels for the P-SV wave arrivals is based upon the interaction between forward and adjoint
wavefield (Tromp et al., 2005).

Figure 4 shows an example from a simulation in a homogeneous half space. The source time
function is a Ricker wavelet with dominant frequency of 5 Hz; the source mechanism is isotropic (i.e.,
an explosion). Travel time sensitivity kernels are shown with respect to density, P-wave velocity and
S-wave velocity.

To run our simulations and to calculate the sensitivity kernels by means of this methodology we
use the 2D-wave propagation software SPECFEM2D (Tromp et al., 2008) and run it on the Fionn
Supercomputer of the Irish Centre for High-End Computing (ICHEC).
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Figure 3. We want to study the relationship between different parts of the signal and different parts of the model. In other
words, we would like to understand which portions of the model contribute mostly in shaping a given time window of the
signal under investigation.
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Figure 4. Example of simulation in a homogeneous half space. The upper panel shows the synthetic signal generated by an
explosive source, whose source time function is a Ricker wavelet with dominant frequency of 5 Hz. Vertical and horizontal
components of the displacement are plotting in blue and pink color, respectively. Source and receiver are located at
coordinates (9000,0) and (8000,3000) meters, respectively. Below the signal, the sensitivity kernels corresponding to time
slices [0.7-1.5] seconds and [1.5-2.5] seconds are shown at the left and right columns, respectively.
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5. 4 - Models and data

We use a 20 km x 6,255 km 2D model of Mount Etna, whose digital topography was obtained
from http://www.cgiar-csi.org. We consider different 2D velocity models and different source
mechanisms and locations. The seismic network consists of 15 recording stations distributed along
the surface every 1000 m (black triangles in Fig. 5).

5-Wave velocity structure
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Figure 5. S-Wave velocity models considered for our simulation. Recording stations are denoted by black triangles and source
positions by asterisks.

As an example, we show here simulations corresponding to two different velocity models. The
first is a homogeneous one, with density p = 2384 kgm™®, P-Wave velocity v, = 3500 ms™ and S-Wave
velocity v; = 2000 ms™. The second model is a heterogeneous one, and is obtained by combining the
S-wave velocity structures of Cauchie et al., (2012) and Chiarabba et al., (2000) for the top 2000 m
and half space, respectively. The corresponding P-wave velocity structure is obtained using a Poisson
ratio of 0.25. From the P-wave velocity model we finally derived the density model using Gardner’s
relationship: p = 310vp°'25 (Gardner et al., 1974) [Figures 5, 6].
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Hs =0.06 VSS =1.60

S-wave velocity profile obtained from the grid search inversion procedure

Figure 6. Table from Cauchie et al., (2012), reporting the S-wave velocity structure derived from the probabilistic inversion of
Rayleigh-wave dispersion data.
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Figure 7. Vertical components of the time function (horizontal component is zero) and amplitude spectrum of the source used
in our simulations (Ricker wavelet - 0.7 Hz).
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The source considered here is a Ricker wavelet applied as a vertical, single force with dominant
frequency of 0.7 Hz [Figure 7]. For each model we calculated synthetic seismograms considering two
different source depths close to the summit: one at 113 m and another at 3613 m, denoted by black
stars in Figure 5. Once obtained the synthetic signals, we calculated the corresponding travel time
sensitivity kernels for successive 3-seconds-long time windows sliding along our seismograms.
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Figure 8. Velocity seismograms corresponding to a simulation in the homogeneous model for a Ricker wavelet source with
dominant frequency 0.7 Hz applied as a vertical force at 113 m (left column) and 3613 m (right column) depth. Source
locations are shown as black stars and station locations as black triangles in Figure 5. The x axes indicate the relative
horizontal station positions from the source. Traces are individually normalized.

5.5 -Results

Figures 8 and 9 show the individually-normalized velocity seismograms corresponding to
simulations in the homogeneous and layered models, respectively. We note that layers have a
significant influence on the recorded traces. Shallow sources in a layered model have longer duration
seismograms (even for short duration sources) and this effect increases with increasing distance
from the source. We observe that the source signature is highly distorted particularly for shallow
sources.
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Figure 9. As in Figure 8, but for the layered model.

We then proceeded to calculating P and S wave sensitivity kernels for the above simulations.
These kernels show the region of the velocity model that affects the wavefield which is arriving at a
given station within a defined time window. The kernels are displayed using a colour scale which is
proportional to the root mean square amplitude of the corresponding seismogram, in order to
facilitate comparisons between successive intervals of time

For instance, Figure 10 shows the P-wave and S-wave velocity kernels for consecutive 3-seconds
time windows of the seismogram generated by the shallow source in the homogeneous model and
recorded by the station located at relative horizontal position -6000 m. Figure 11 shows the P- and S-
wave velocity kernels for consecutive 3-seconds time windows of the seismogram generated by the
deeper source in the homogeneous model and recorded by the station located at relative horizontal
position -2000 m.

We observe that the first seconds of seismograms are mainly controlled by the area between the
source and the receiver appearing with the typical banana-doughnut shapes (Tromp et al., 2005)
distorted by topography effects. Figures 12 and 13 show the sensitivity kernels as in Figures 10 and
11, but for the layered model. Waves are trapped in the low velocity layers, which are the cause of
the longer duration seismograms and the distortion of the signals.
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generated by the shallow source in the homogeneous model and recorded from the station located at relative horizontal

position -6000 m (first station from the left).
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Figure 11. P wave (first column) and S wave (second column) velocity kernels for each 3 seconds time slice of the seismogram
generated by the deeper source in the homogeneous model and recorded from the station located at relative horizontal
position -2000 m (fifth station from the left).
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5. 6 - Conclusions

Results show the importance of the shallow velocity structure in shaping the recorded
seismograms. This implies that we cannot ignore the heterogeneities of the upper volcanic edifice by
the time of inverting the recorded ground motion for deriving the mechanism of shallow sources.
Improving our knowledge of the near-surface velocity structures is thus a necessary step toward a
detailed determination of the force systems acting at those shallow sources.
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Abstract

Thermal signals from sub-surface magmatic sources are difficult to quantify, as the measurement of heat
flux from the ground to the atmosphere is subject to large uncertainties. Iceland is home to several volcanically
and geothermally active ice-covered volcanoes, e.g. Grimsvotn, Katla and Eyjafjalljékull. Depressions are
observed on the glacier surface in these areas, which form due to basal melting and are known as ice cauldrons.
These features are monitored using airborne radar altimeter profiling. The melting ice acts as a calorimeter,
providing a unique opportunity to quantify surface heat flux to a much improved accuracy.

The heat sources responsible for the formation of ice cauldrons may either be: 1) small subglacial eruptions;
or 2) increased geothermal activity induced by a shallow magmatic intrusion. Numerical modelling can be used
to investigate the transfer of heat within hydrothermal systems that form around shallow magmatic intrusions,
and the results compared to observed thermal data. Intrusions of various geometries and depths can be
simulated, and the effect of country-rock permeabilities and initial temperature gradients explored in relation to
heat flux magnitudes and the timescales and spatial extent of associated surface anomalies. Modelling results
have implications for the interpretation of thermal signals observed at ice-covered volcanoes, highlighting the
importance of reservoir/bedrock thermal state prior to intrusion.

Keywords: Geothermal activity, heat flux, numerical modelling, volcano-ice interaction, ice
cauldrons.

6. 1 - Introduction

Geothermal systems generally form in areas with relatively high heat flow, and high permeability
to allow for fluid circulation. Stimac et al. (2015, p. 800) list the principle categories of geothermal
resources as follows: (1) igneous systems related to high permeability areas over magmatic
intrusions within the shallow crust; (2) tectonic systems link to fluid circulation along fracture
systems; (3) deep sedimentary aquifers and geo-pressured systems; (4) engineered geothermal
systems; and (5) supercritical systems. This work principally discusses magmatic intrusion-related
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geothermal systems, where cool groundwater is heated up within permeable bedrock, and a
convecting system is established where rising groundwater transports heat from magma reservoirs
or intrusions to the surface (e.g. Hayba and Ingebritsen, 2007; Hurwitz et al., 2003). Monitoring
geothermal activity at volcanoes gives necessary insight into the associated volcanic and phreatic
hazards, and the hydrothermal systems below. Fumaroles, hot springs and bubbling mud pools
characterise the surface expression of many geothermal areas (e.g. Hochstein and Bromley, 2001
and 2005), however thermal signals from subsurface magmatic sources are usually difficult to
quantify since the measurement of heat flux from the ground is subject to large uncertainties due to
heat loss to the atmosphere. Subglacial geothermal fields present a unique opportunity to calculate
the surface heat flux to a much improved accuracy, as all of the thermal energy is spent melting ice
(Jarosch and Gudmundsson, 2007; Jarosch et al., 2008).
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< Temporal subglacial thermal activity
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hyd! rmal hydrothermal
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Figure 1. Map of high-temperature geothermal areas in Iceland (data from Orkustofnun, 2013), and temporal subglacial
thermal activity. Schematic diagram of ice cauldron formation with (a) accumulation of meltwater and (b) continuous drainage
(after Gudmundsson et al., 2007).
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Thermal signals are observed at many ice covered volcanoes in Iceland (figure 1) and worldwide
(Major and Newhall, 1989). Notable examples outside Iceland include the ice caves observed at
Mount St. Helens and Mount Rainier in the U.S.A. (Kiver and Mumma, 1971; Anderson et al., 1998;
Zimbelman et al., 2000), and at Mount Erebus in Antarctica (Giggenbach, 1976). Several thermal
features evolved at Redoubt volcano, Alaska, in the build-up to the 2009 eruption, including ice
surface depressions, wide-spread subsidence, and punctures created by steam (Bleick et al., 2013).

Ice cauldrons are shallow depressions which form on the glacier surface due to basal melting, as
a manifestation of heat flux from below; the melting ice acts as a calorimeter, allowing estimations
of heat flux magnitude to be made. The source of heat may either be a subglacial eruption or
geothermal activity. Meltwater may drain continuously from below the cauldron, however if it
gradually accumulates this presents a jokulhlaup risk (figure 1). Subglacial eruptions produce large
volumes of meltwater in a short period due to their high rate of heat output, for example the
subglacial eruption at Gjalp in 1996 produced meltwater which collected in the subglacial lake at
Grimsvotn, to drain five weeks later causing a jokulhlaup (Gudmundsson et al., 1997). Several types
of thermal signals are observed, with the onset time, duration, and location of the resulting
cauldrons all being important factors. Geothermally generated cauldrons tend to be located above
known geothermal fields, often around the edges of calderas, and produce a sustained signal over
months, years or decades. Ice cauldrons resulting from subglacial eruptions have a high initial growth
rate, generated by a thermal pulse as ice is in contact with magma, followed by a sharply decreasing
melt rate as the eruption deposit cools. Thermal signals at ice-covered volcanoes are well-observed
in Iceland (Bjornsson and Gudmundsson, 1993; Jarosch and Gudmundsson, 2007). Two such
examples are Grimsvdtn and Bardarbunga, two subglacial central volcanoes located beneath
Vatnajokull ice cap.

Grimsvdtn is a subglacial volcano which comprises three overlapping calderas; it is one of the
most geothermally active calderas in the world, with sustained heat output for centuries in the
Gigawatts range which is easily recognised by the many cauldrons which appear to form
preferentially around the rim of the caldera (Bjornsson, 1988) (figure 2). Grimsvotn has erupted
three times in the past twenty years, the effects of which are visible as temporal variations in the ice
surface elevation data. However, separate thermal anomalies are observed in areas unaffected by
erupted products, due to increased geothermal activity (Jarosch and Gudmundsson, 2007; Reynolds
etal., 2014).

The 2014-15 events at Bardarbunga offered another display of thermal signals manifested in the
surface of Vatnajokull, thus providing another opportunity to study magma-related thermal signals.
Increased seismic activity was observed within the Bardarbunga caldera on 16 August 2014. During
the following two weeks, the seismic activity and deformation indicated the path of a lateral dyke for
more than 45 kilometres (Sigmundsson et al., 2015). The main eruption began on 31 August at
Holuhraun, north of Vatnajokull glacier, which lasted for 6 months (Gislason et al., 2015). Ice
subsidence was observed within the Bardarbunga caldera during the course of the eruption, with no
evidence of significant basal melting, representing a slow caldera collapse (Gudmundsson et al.,
2016). During dyke propagation, a graben formed above the lateral flow path of magma, with
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subsidence observed beneath Dyngujékull glacier and extending towards Holuhraun (Sigmundsson
et al, 2015; Hjartardéttir et al., 2016). Several ice cauldrons formed above the path of the dyke on
Dyngjujékull glacier (figure 2), within the graben, and the heat output of pre-existing minor
subglacial geothermal areas at the caldera rim increased.
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Figure 2. Examples of thermal activity at ice covered volcanoes in Iceland. (a) NW Vatnajokull, Iceland, showing Bardarbunga
caldera with several ice cauldrons (red circles) developing around the caldera edge. The black lines denote the path of the
2014 dyke (Sigmundsson et al., 2015), and several other ice cauldrons above this path (Reynolds et al., 2017). (b) Ice cauldrons
on Katla with profiling lines used for airborne radar altimetry monitoring (after Futurevolc, 2016). (c) A south-north cross-
section of the Grimsvotn caldera and the Gjalp eruption edifice on 1 October 1996 (mid-eruption) with arrows representing
the direction of meltwater drainage. Note the depressions over the growing volcano at Gjalp. The 10-12 km wide surface
depression of Grimsvétn is the result of sustained geothermal activity and meltwater drainage for centuries (modified after
Gudmundsson et al., 2004). (d) Contour map of Grimsvétn with hashed lines marking the caldera, and red circles representing
ice cauldrons.

The cauldrons grew to volumes in the range 2-20 million m®. Two types of melting were
observed: high initial heat flux over a period of days which gradually disappears; and slower but
more sustained melting rates (Reynolds et al., 2017).

The nature of the heat source generating ice cauldrons is not always obvious, as they may result
from small subglacial eruptions or increased geothermal activity induced by a magmatic intrusion.
Through the evaluation and interpretation of thermal signals observed in association with magma
movements and eruptions, this research can be used to advance the understanding of the behaviour
of natural geothermal systems and how they interact with their environment. Conceptual, analytical
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and numerical models of heat transfer through host rock, groundwater and geothermal fluids can be
used to give insight into the nature of subglacial heat sources. This work outlines the methods used
to estimate the heat flux at the base of glaciers, describe the heat transfer mechanisms bringing heat
to the glacier base, and give an introduction to how analytical and humerical modelling can be used
to understand the possible heat sources which produce the observed thermal signals.

This research impacts the understanding of both subglacial eruptions which can release
significant volumes of ash into the atmosphere, and jokulhlaup hazard which poses a risk to
populations, infrastructure and the environment in areas surrounding glaciers. Further to the
implications for risk management, and the wider understanding and interpretation of thermal signals
observed at ice-covered volcanoes, this work has relevance for the utilisation of geothermal areas by
increasing understanding of the nature of subglacial heat sources.

6. 2 - Glacier monitoring and calorimetry

Time series data of ice cauldron evolution exist for several volcanoes in Iceland, revealing thermal
fluctuations in subglacial geothermal areas during intrusive events and periods of seismic unrest.
These data sets are extended routinely, with additional monitoring during and following volcanic
activity.

Changes in the glacier surface are generally first identified by visual inspection during monitoring
flights or using satellite images (Gudmundsson et al., 1997; 2004; 2007; 2016; Magnusson et al.,
2012; Bleick et al., 2013; Sigmundsson et al., 2015). In Iceland, the evolution of these features is
primarily monitored by repeated airborne radar altimetry profiling, supplemented by satellite
images. Ground-based GPS profiling is also used where depressions are not crevassed, particularly
for more complex features, to map the ice surface in more detail. Airborne altimetry measurements
are made on board a low-flying aircraft (approximately 100 m elevation), using a C-band radar
altimeter to record the aircraft elevation, and kinematic GPS to simultaneously record the precise
position. Data collection is limited by weather conditions and the availability of the aircraft. An
absolute accuracy of 3 m is achieved, with a relative consistency of 1-2 m. This method is outlined in
detail by Gudmundsson et al., (2007).

An ice surface map can be created by interpolating the profile data to map the area and
calculating the volume difference compared with a previous map. Once a surface map has been
created, it can be subtracted from a previous map to reveal surface variations and allow the volume
of surface features to be calculated (figure 3). The mass of ice melted can be estimated from the
observed volume fluxes (Jarosch and Gudmundsson, 2007)

pLVl = min + ms - mout - mb (1)

with p; the density of the ice, V; the rate of change of the volume of ice, 1, and m,,,, respectively
the mass flux of ice into and out of the study area, m, the annual surface accumulation through
precipitation, and 1, the mass loss due to basal melting.
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Figure 3. Schematic diagram outlining the mass flux terms used in equation 1. Modified after Jarosch and Gudmundsson,
2007.

If a map of the ice surface prior to the development of thermal features is available the total
volume can be calculated, otherwise each successive map is subtracted from the previous one to
show the change in volume with time (figure 4).

The resulting ice volumes represent the thermal signal at the base of the glacier, and are used to
estimate the heat flux by calculating the thermal energy required to melt the volume of ice. If
melting at the base is assumed to correspond exactly to the ice volume change on the surface it
implies the assumption that all meltwater drains instantaneously and no significant emplacement of
volcanic products in possible subglacial eruptions occurs. The glaciers in Iceland are temperate,
meaning that the ice is at its melting point throughout, so only the latent heat of fusion is required to
melt the ice. Therefore, the heat flux (Q) required to generate the ice cauldrons can be estimated
using calorimetry, considering the volume of ice melted (V;), the density of the ice (p;) and the latent
heat of fusion of water (L,,).

Q = iniLw (2)
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6. 3 - Heat Transfer

There are three mechanisms for heat transfer, which are conduction, convection, and radiation
(e.g. Turcotte and Schubert, 2002). This section considers the dominant heat transfer mechanisms
for three scenarios: a magmatic intrusion in the shallow crust beneath a glacier; an effusive
subglacial eruption; and an explosive subglacial eruption.
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Figure 4. An example map of changes in ice surface elevation at Grimsvotn, between 1998 and 2010. Red areas represent
developing ice cauldrons where ice has melted at the base of the glacier. Blue represents areas of ice infill. In the western
part this is due to uplift of the ice surface caused by higher lake level, while in the area east of the caldera the increase is due

to recovery of the glacier following the formation of an ice canyon over the path of the jokulhlaup of 1996 associated with the
Gjélp eruption.

When a shallow magmatic intrusion is formed in the uppermost crust beneath a glacier, there is
heat flux from magma from the intrusion to the country rock both by conduction and convection
(figure 5). At a magma-country rock boundary, the dominant mechanism of heat transfer is
dependent on the physical state of the country rock; if the country rock has very low permeability
then conduction will dominate, but if the country rock is permeable then single- or two-phase
hydrothermal convection will transport heat more efficiently. In the latter case heat is transported
towards the country rock-ice boundary via convection, and the time scale for the thermal signal to
reach the surface depends primarily on the depth of the intrusion, the permeability of the country
rock, and the initial temperature of the country rock and the groundwater. Where the ice
temperature is below the freezing point, some minor heat conduction will take place within the ice,
but most of the heat melts the ice. If water accumulates beneath the glacier, convection transports
heat within the water body.

Should the magma body reach the surface and result in a subglacial eruption, the style of
eruption heavily influences which heat transfer mechanism is dominant, and the rate of heat
transfer. A useful parameter to use when considering the heat transfer is the “efficiency”, defined as
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the ratio of heat released from magma per unit time and the total heat content of the magma which
erupted during the same time period (Gudmundsson, 2003; Gudmundsson et al., 2004). Models of
subglacial effusive basaltic eruptions which form pillow lava have indicated a thermal efficiency of
10-45%, dependant on the eruption rate as the longer the lava pillows are in direct contact with the
ice/meltwater, the higher the efficiency (Gudmundsson, 2003). Experiments where ice and molten
lava come in to direct contact show that the heat flux was highest in the first 10 s but dropped by an
order of magnitude within several minutes (Oddsson et al., 2016).

During an explosive subglacial eruption, fragmentation generates small particles, creating a large
surface contact area between magma and water. The erupted products cool far more quickly than
with an effusive eruption, with 70-80% of the initial heat within the erupted product transferred
within the settling time (Gudmundsson, 2003; Woodcock et al., 2012).

(a) Sill (b) Dyke (c) Subglacial eruption
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Figure 5. Conceptual model showing both sill and dyke style magmatic intrusions emplaced within a porous host-rock (a and
b), where heat is transferred towards the surface by conduction and groundwater convection, generating heat flux beneath
the glacier. The third image (c) shows a subglacial eruption scenario.

6. 4 - Geothermal reservoir modelling

As the groundwater is heated, convection cells develop which carry heat towards the surface.
Darcy's law can be employed to estimate the fluid velocity of the groundwater, assuming that the
flow remains that of a single phase liquid water, as it rises due to increased buoyancy, from a heated
area around the intrusion towards the relatively cold bedrock-ice interface. The Darcy velocity (qu)
gives the volumetric flow rate per unit area (Ingebritsen and Sanford, 1999), and can be estimated
as:

_ kpw,oga'w(Tboiling _Tsurface)
Aw = . (3)

where k is intrinsic permeability, p,, o is water density, g is the gravitational acceleration, a,, the
linear coefficient of thermal expansion for water at 0 °C, and y,, the dynamic viscosity of water. The
ice-bedrock interface is considered to have a temperature Tg,ce Of 0 °C, the freezing point of water.
Thoiling 1S the boiling point of water at the depth of the intrusion, as this is the highest temperature
the groundwater can reach without becoming superheated or develop into a two-phase fluid.
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However, steam can play a significant role in heat transfer in hydrothermal areas, and this can be
addressed using numerical models such as Hydrotherm (see below) and MUFITS (Afanasyev et al.,
2015).

A two-dimensional time-dependent numerical model was produced to simulate the solidification
and cooling of a dyke, into porous host rock saturated with pure water (figure 5). Simulations were
produced using COMSOL Multiphysics, which is a commercial software, used to simulate physics-
based problems using finite element modelling. Heat transfer through both conduction and
convection are included; as the porous fluid heats up, a convection cell forms around the intrusion,
transferring heat far more efficiently than by conduction alone. The thermodynamic properties of
liquid water are dependent on temperature and pressure, although phase change is not considered
in this model. The release of latent heat and specific heat capacity of the cooling and solidifying
intrusion are simulated.

Further simulations were carried out using Hydrotherm, which is a finite difference code
dedicated to simulating two-phase ground-water flow and heat transport, developed by the U. S.
Geological Survey (Hayba and Ingebritsen, 1997). The COMSOL model is limited to single-phase
convection, but Hydrotherm can be used to simulate the two-phase case. Otherwise, the model set-
up is similar to that used in COMSOL. Numerical modelling gives the opportunity to explore different
country rock permeabilities and initial temperature gradients, and different intrusion depths and
geometries (figure 6). The timescale and spatial extent of the simulated surface thermal anomalies
can then be compared to thermal signals observed at ice-covered volcanoes, and insight gained into
the geothermal system producing the heat source at the glacier base. For simulations with
temperatures below the boiling point of water, COMSOL and Hydrotherm give results for surface
heat flux magnitude which are within 30% of each other. This discrepancy is due to differences in the
solvers used.

The surface heat flux produced by a circular heat sources can be calculated by radially integrating
the results from the two-dimensional model. For example, the cumulative total surface heat flux for
a circular heat source of radius 50 m, intruded into host rock with permeability 5x10™ m? and
porosity of 10%, is displayed in figure 7 with the resulting volume of melted ice if this heat was
released below a temperate glacier.

6.5 - Discussion

Airborne radar altimetry profiling can give results very quickly, as the data can be analysed on the
day they are acquired because only minimal processing is required. This makes it a very convenient
tool for monitoring an ongoing event. New features on the glacier surface are generally first
observed visually, as it is inefficient to collect profiles of the entire glacier surface considering that
the features of interest are relatively small; for this reason, good weather with clear visibility is
advantageous for monitoring flights. The penetration depth of the radar-altimeter signal varies,
depending on the surface conditions. In cold and dry conditions, the signal can penetrate to several
metres below the glacier surface, but in warmer conditions ice lenses form and reflect the signal
close to the surface. The varying depth of penetration means that the ice profiles cannot be

83



Subglacial heat sources

considered to represent the absolute surface elevation, and instead must be used to monitor
changes in volume and morphology of ice surface features relative to their surroundings.
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Figure 6. An example of an application of the Hydrotherm model showing results of heat fluxes for varying country rock
permeability and initial temperature gradient.
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Figure 7. The cumulative total surface heat flux for a circular heat source of radius 50 m, intruded into host rock with
permeability 5x10™* m? and porosity of 10%, with the resulting volume of melted ice.
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The calorimetry method described above to estimate the total volume basal ice melting is reliant
on negligible volumes of meltwater accumulating beneath the surface depression. It is sometimes
unclear whether or not meltwater is draining or accumulating, and further investigations may be
required to establish this e.g. radio echo sounding to look for anomalies at the ice-rock boundary.

Both COMSOL Multiphysics and Hydrotherm can be used to investigate the surface heat flux
produced by hydrothermal systems, each with advantages and disadvantages in terms of the
capability to simulate the natural system and in their usability. COMSOL Multiphysics provide an
easy-to-use interface, which allows for quick visualisation of data in graphs, tables and various 2- and
3-dimentional plots. The package also offers a lot of flexibility when designing the mesh nodes,
which enable the discretisation of the model into small units or elements, and models are stable
even with very narrow intrusion geometries. However, while single-phase convection in porous
media is supported by COMSOL (version 4.3b), the two-phase case is not and cannot be simulated.
Hydrotherm does simulate two-phase groundwater flow, which is particularly important when
simulating higher initial country-rock temperatures characteristic of established geothermal systems.
Both models explore the parameter space for host-rock heat conductivity and permeability, and the
initial temperature gradient. The timescale and spatial extent of the simulated surface thermal
anomalies are compared to thermal signals observed in nature.

6. 6 - Conclusions

Ice cauldrons are observed in several areas in Iceland (e.g. Grimsvotn, Béardarbunga,
Eyjafjalljokull, Myrdalsjokull), both as sustained features which last for a period of years and grow
slowly, and as quickly forming features which form within days or weeks.

Ice cauldron volume and morphology can be monitored aerially, and supplemented by ground-
based GPS measurements and satellite images.

The frequency of cauldron monitoring should be chosen based on the activity in the area,
although monitoring is subject to good weather and this can often prevent measurements from
being taken for period of time, e.g. one week.

The ice acts as a large-scale calorimeter, and the power and heat flux at the rock-ice boundary
can be inferred from measurements of changes to the ice surface.

Numerical and analytical modelling can be used to give insight into the possible heating scenarios
which resulted in the observed ice melting.
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Abstract

Gas escape from three-phase magmas modulates magma dynamics before, during, and after eruptions.
Therefore, improving our understanding of outgassing in crystal-bearing magmas is critical to interpreting gas
emissions from volcanoes, and constraining eruption dynamics. To this end, we performed experiments with
three-phase (gas, liquid, solid) analogue materials in different container geometries (parallel horizontal plates
and vertical tubes). We tracked bubble growth and migration through particle suspensions and varied bubble
generation methods: in the first set of experiments, bubbles were injected directly into the suspension; in the
second set of experiments, bubble growth was induced through chemical reactions; and in the third set, large
bubbles were injected at the bottom of a tube, rose as gas slugs through a liquid phase, before travelling
through a particle-laden layer. All experiments show that high concentrations of crystals, commonly found in
natural magmas, cause significant deformation of the gas-liquid interface and increases the efficiency of gas
escape from magmas. The onset of non-Newtonian behaviour marks the onset of bubble deformation at low
shear. In experiments, this transition occurred at the normalised random packing (relative to random close
packing, RCP): ¢ = 0.63. Significant bubble deformation at high shear began at 0.80 < ¢ < 0.86, near the random
loose packing of particles. Bubble deformation increases with increasing particle fraction until the bubble is
either trapped within the particle layer, travels in fracture-like patterns, or invades the pore-space between
particles. At such high particle fractions, the gas migration regime depends on other constraints such as
confinement and internal bubble pressure.

Keywords: outgassing, three-phase flow, rheology, crystal-rich magma, gas migration.

7.1 - Introduction

Crystal-rich eruption products are common. Some originate from explosive eruptions (such as the
1980 Mt St Helens eruption, or the Monte Nuovo eruption of Campi Flegrei; Cashman, 1992; Piochi
et al., 2008), but many are erupted as degassed lava flows and domes (such as ‘a’a and blocky lavas
at Hawaii and Colima, or the Unzen lava dome; e.g. Sehlke et al., 2014; Savov et al., 2008; Shinohara,
2008; Polacci et al., 1999). The latter cases are depleted in volatiles, which raises the question: How
do suspensions with such high crystallinities, thus high bulk viscosities, lose their volatiles? This
question is fundamental because volatiles can also drive volcanic eruptions, and thus bubble
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behaviours in crystal-rich magmas can potentially affect eruption style. This PhD, developed under
NEMOH, focused on the manner in which bubbles mechanically interact with crystals in crystal-rich
magmas, mainly by using analogue experiments. The following synthesis describes the results
obtained from analogue experiments, and speculates on their applicability to volcanic environments.

7.2 - The effect of particle fraction on bubble shapes and outgassing regimes:
overview of analogue experiments

We observed bubble growth in analogue suspensions and tracked bubble morphology, gas
migration paths, and outgassing efficiency in various environments. Here, we summarize and
compare the analogue experiments, and provide an overview of their implications for particle-
bearing suspensions.

7.2.1 - Experiments and results

We used a variety of experimental set-ups to test the validity of gas migration regimes in
different environments:

1) We ran several suites of experiments by continuously injecting air from a point-source into
suspensions sandwiched between two horizontal glass plates. The plates were separated by
a small gap (0.48 mm, not shown in Fig. 1) or a large gap (5 mm; Fig. 1 [A.1], [B.1] and [E]).
The particle suspensions consisted of glass spheres of diameter ~0.1 mm in sugar syrup,
typically of viscosity ~60 Pa s, but we varied the conditions to obtain syrup viscosities from
10 Pa s to >600 Pa s. These experiments are detailed in Oppenheimer et al., (2015).

2) We performed another suite of experiments with the same materials as (1) but in which
bubbles were generated in-situ by chemical reactions between powders of citric acid and
sodium bicarbonate. These experiments were all performed at a liquid viscosity of ~ 60 Pa s.
One set of experiments was performed in small-gap parallel plates (Fig. 1 [A.2] and [B.2]),
and the other in vertical cylinders of diameter 28 mm and capacity 100 mL (not shown in
Fig. 1). These experiments are also described and analysed in detail in Oppenheimer et al.,
(2015).

3) Our final suite of experiments involved gas slugs (Taylor bubbles) that rose in a vertical

cylinder filled with silicone oil (viscosity 0.1 Pa s), until they breached a layer (“cap”) of
silicone oil + particles overlying the pure silicone oil (Fig. 1 [A.3], [B.3], [C] and [D]). The
particles were crushed polypropylene particles of diameter 0.5 — 0.7 mm. The tube was 3 m
tall, filled to 1.43 m with liquid and particles, and had a diameter of 0.0257 m.
We varied surface pressure by connecting the tube to a vacuum pump, which thus varied
bubble parameters (such as bubble expansion and overpressure near the surface; Del Bello
et al., 2012; James et al., 2009). These experiments are similar to those by Capponi et al.,
(2016), who observe slug flow through a liquid of low viscosity surmounted by a Newtonian
liquid of higher viscosity. In our case, however, the upper layer has a non-Newtonian
rheology at high particle fractions.
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[A] Round bubbles and slug flow  f l
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Figure 1. Comparison between experiments in
different set-ups, identifying the different regimes in
colour-coded boxes. [A] the round bubble regime (or
slug flow), and [B] deformed bubbles were identified in
all set-ups. The set-ups are organised as follows: [1]
experiments with parallel plates and bubble injection
(Images from Oppenheimer et al., 2015), [2]
experiments with parallel plates and in-situ bubble
generation using chemical reactions, and [3]
E experiments with slug rise in a cylinder. The side flow
[C], trapped bubbles [D] and pseudo-fractures [E;
Image from Oppenheimer et al., 2015] were each
observed in only one set-up: the vertical tube
experiments [C, D] and the parallel plate experiments
with bubble injection [E].

(D] Trapped bubble

[C€] Transitional or Side flow

Figure 1 shows the main bubble morphologies observed in the different experimental conditions.
In dilute suspensions, growing bubbles are rounded, and slugs flowing through a particle-bearing
layer retain their slug-like shape (Figure 1A). At high particle content, the bubbles deformed in all
three sets of experiments (Figure 1B). The onset of more severe bubble deformation corresponded
with a significant reduction in foam expansion in experiments with in-situ bubble growth (Figure 2).
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Some regimes were specific to an experimental set-up. In the parallel plate set-up, we observed
fracture-like gas propagation at the random
close packing (RCP) which did not occur in 0
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In order to compare the different

. . . Figure 2. (a) Measurement of bubble deformation in bubble
experiments, we normalise the particle

injection experiments in large-gap parallel plates (at

packing fraction by the random close
packing (RCP), which is the maximum
random packing for the particles in question
(equation 1).

particle volume fraction
RCP

¢ = (1)

¢ was the main control on bubble shape

viscosities ~50 Pa s and ~ 500 Pa s). (b) Maximum foam
growth in experiments with bubbles generated through
chemical reactions, expressed as a maximum gas volume
fraction (relative to the bulk suspension): Vgs(max). The
chemical concentration was kept constant, thus the amount
of available chemicals decreases with increasing particle
fraction, possibly causing the slight initial decrease in
Vgas(Max). The substantial decrease in maximum foam growth
occurs at approximately the same particle fraction as bubble
deformation in (a). Modified from Oppenheimer et al. (2015).

(Figure 3).

In bubble injection and in-situ bubble generation experiments, the transition in bubble
morphology, from round bubbles to deformed bubbles, occurred at ¢ = 0.86 + 0.03 (= 54 + 2 vol%),
at all liquid viscosities tested. This value corresponds to the random loose packing of spheres (RLP).
RLP is poorly defined, but its best description to date is “the lowest possible random packing that is
capable of bearing a load” (Onoda and Liniger, 1990). RLP essentially represents the onset of large-
scale particle-particle interactions. This is consistent with the fact that different experimental
conditions gave similar results: the particle fraction was the main control on bubble shape.
Increasing particle fractions beyond RLP and up to the random close packing (RCP, the maximum
random packing) caused more severe bubble deformation.
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Figure 3. Regime categories for all experimental set-ups. Colours are the same as in Fig. 1. [A] shows experiments performed
in parallel plates (small gap and large gap) that desmonstrate the low impact of liquid viscosity on regime transitions. [B]
shows experiments with in-situ bubble growth generated by chemical reactions in small gap parallel plates and cylinders,
performed at atmospheric pressure and with a liquid viscosity of ~ 60 Pa s. [C] shows experiments with rise of large bubbles in
a layered cylinder, and an investigation into the effect of applied stress on regime transitions (controlled by varying surface
pressure). The black dashed lines represent the position of regime transitions between round bubbles (or slugs) and deformed
bubbles in [A] and [C]. The transition for chemical reaction experiments [B] was determined from the substantial decrease in
foam growth (Fig. 2). Note that the particles in [B] and [C] have different shapes. [A] and [B] from Oppenheimer et al., (2015).

The experiments performed with a single large bubble flowing into a particle-rich cap provide
extra constraints. These experiments were performed with finite bubbles (as opposed to continuous
injection or exsolution of gas), but surface pressure was varied from one experiment to another. A
low surface pressure caused more bubble expansion during rise (and thus increased the upward
acceleration of the bubble nose), and increased bubble overpressure when the bubble reached the
cap (Del Bello et al., 2012; James et al, 2009). Thus, by varying surface pressure in these experiments,
we varied the stress applied on the cap. This shifted the regime transitions (Figure 3[C]). In
experiments with higher surface pressures, the bubbles had lower overpressures and expanded less,
thus the stress applied on the cap was lower and the transition to the deformed regime occurred at
lower o values. Furthermore, these experiments suggest that particles can potentially affect bubble
morphology at values as low as ¢ = 0.63, where the side flow regime begins.

7.2.2 - Interpretation

The transitions in bubble morphology coincide with transitions in suspension rheology and in
particle-particle interactions. At low particle fractions, the suspension is ~Newtonian and bubbles in
the experiments are round or slug-shaped (Figure 4[A]; Figure 2[A]). As soon as the particles begin
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interacting, they form clusters and chains that cause the suspension to become shear-thinning
(Figure 4[B]; e.g. Mueller et al., 2009; Soule and Cashman, 2005). The behaviour of the suspension
will then depend on the applied stress. This rheological transition can explain the dependence of
regime transitions on surface pressure in the slug rise experiments (Fig. 3[C]). In these experiments,
an increase in surface pressure caused the bubble to expand less and be less overpressured when it
interacted with the particle layer (Del Bello et al., 2012; James et al., 2009). Thus, in experiments
with higher surface pressures, the gross upward force generated by the bubble “invading” the
suspension is relatively low. Therefore weaker interactions between the particles suffice to affect
bubble propagation and, as a result, the transition to the deformed regime occurred at lower ¢. In
experiments with lower surface pressures (higher bubble overpressure and nose acceleration), the
interactions between particles were easily overcome, and bubbles chose the path of lowest
resistance, against the tube wall where packing is inefficient. This departure from Newtonian
behaviour began at ¢ = 0.63 in experiments with slug rise in a tube although, presumably, the lowest
possible particle fraction at which it can occur is the percolation threshold [Saar et al., 2001], below
which particles do not interact significantly.

At high stresses, the bubble deformation regime began at 0.80 < ¢ < 0.86. This value corresponds
roughly to the random loose packing of particles (RLP), as well as the onset of shear-dilation for
spheres and the onset of an apparent yield strength, all of which essentially represent the onset of
large-scale particle-particle interactions (Figure 4[C]; Mueller et al., 2010; Caricchi et al., 2007; Onoda
and Liniger, 1990). Hence the bubble deformation regime generally occurs within the limits of RLP
and RCP (as in Figure 3[A] and 3[B]). These dense suspensions dilate in response to shear, and can
therefore develop a normal force against their boundaries and build force-bearing networks of
particles. Therefore, in order to grow, bubbles must deform around a “backbone”, preferentially
displacing areas in the suspension with unconnected or weakly connected particles, where the
strength opposing bubble growth is lowest. As a result, the bubble deforms into lobate or finger-like
patterns (“bubble deformation regime™).

The strength of the particle networks is determined by the number of particles in contact with
each other (Bi et al., 2011), the friction between particles (Seto et al., 2013), and the magnitude of
the forces that resist particle displacement / dilation, such as the flexibility of the boundaries against
which the force chains rest (Brown et al., 2011; Brown and Jaeger, 2012), or the applied pressure
(e.g., from gravitational loading; Islam et al., 2013). Therefore, since the stress that opposes bubble
growth increases as particle fractions increase towards RCP, bubble deformation increases
accordingly (Figure 4[D]) until it reaches the highly deformed pseudo-fracture regime (Figure 1[E]).

Furthermore, since the resistance to bubble growth increases with particle fraction, the pressure
necessary for bubble growth increases with particle fraction as well. In these slug flow experiments,
if the forces generated by the bubble (e.g. overpressure, buoyancy) are insufficient, the bubble may
remain trapped below or within a particle-rich layer (“Trapped bubble regime”). This regime
occurred strictly because the bubbles were finite: in our other experiments, the continuous injection
of gas increases the pressure until it overcomes the strength of the suspension.
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Figure 4. Cartoon representing the likely interaction of spherical particles for: dilute suspensions of unconnected particles [A],
suspensions at the onset of non-Newtonian behaviour [B], at random loose packing (RLP; C), approaching random close

packing [D], and locked suspensions [E]. Arrows indicate possible locations of applied normal force on experiment boundaries,
and resistance to bubble growth. (Arrow size is non-proportional).

Previous research shows a more severe form of bubble deformation. If particle fraction increases
beyond RCP, or if confining pressures are high at RCP, the particle network can lock. Under these
conditions, the gas front cannot mobilize the particles, because the mechanical forces that resist
particle displacement are stronger than those generated by bubble expansion, and the gas must
advance by invading the pore-space (Figure 4[E]; Islam et al., 2013; Holtzman et al., 2010, 2012). This
regime is called “pore-space invasion” by engineers, and is often referred to by volcanologists as
“gas-driven filter-pressing” (Bacon, 1986; Sisson and Bacon, 1999). We also expect the onset of this
regime to depend on crystal size (Jain and Juanes, 2009): as the space between crystals increases,
the force necessary to mobilise the liquid becomes lower relative to the force necessary to mobilise
the bulk suspension.

97



Gas migration in crystal-rich magmas

7. 3 - Implications for outgassing of three-phase suspensions

Outgassing occurs either through buoyant bubble rise or through permeable pathways created
by inter-connected bubbles. In the experiments with pervasive bubble growth through chemical
reaction, the significant reduction in foam expansion (Figure 2) coincided with the onset of bubble
deformation, suggesting that gas was escaping these foams more effectively. This led to the
conclusion that bubble deformation increased the likelihood of bubble coalescence, as
demonstrated by e.g. Saar et al., (2001), and thus favoured the formation of outgassing pathways.
This has implications for the vesiculation of three-phase suspensions that are sufficiently particle-rich
for particle-particle interactions: at any given porosity, the bubble connectivity should be greater for
greater particle fractions, up to the RCP.

The implications of our experiments for the effect of particle fraction on the development of
permeable pathways are summarized in Figure 5. When particle fractions are low, bubbles remain
round and there is little bubble coalescence, thus the gas percolation threshold remains high. In this
“round bubble” regime, outgassing is likely to decrease with increasing particle fraction, because of
the associated increase in bulk viscosity that slows bubble rise. At the non-Newtonian transition, or
at random loose packing (RLP) depending on the applied stress, bubbles begin to deform and thus
the gas percolation threshold decreases until the random close packing (RCP). At RCP, bubble
morphology depends on parameters other than particle fraction, such as confinement and pore size
[Holtzman et al., 2012; Holtzman and Juanes, 2010; Jain and Juanes, 2009]. If, for example, pore
spaces are large and confinement is high, the regime is likely to switch to the pore invasion regime.
In this regime, bubbles deform through Saffman-Taylor instabilities. They are less elongate than
pseudo-fractures, thus the development of permeable pathways is likely reduced in the pore
invasion regime relative to the pseudo- fracture regime.

7.4 - Application to magmas

The gas migration regimes observed in this research could be important for crystal-rich magmas.
The experiments show that variations in outgassing efficiency can be caused by crystallinity (Figure
5). In turn, outgassing efficiency is likely to affect eruption style and explosivity. Therefore,
determining how these regimes might develop in crystal-rich magmas could alter our interpretations
of crystal-rich eruption styles. Furthermore, a crystallising magma (or a melting magma) can have
variable outgassing patterns, with implications for volcanic gas monitoring.

The experimental conditions in this research were idealised, therefore their applicability to
magma must be explored. The existence of the round and deformed bubble regimes is evidenced in
the textures of eruption products. In line with the analogue experiments, round bubbles are found in
rocks with low crystal fractions (Figure 6a) whereas bubbles are contorted and deformed in crystal-
rich rocks (Figure 6b-f). The pseudo-fracture regime, however, is unlikely to leave traces, as the
pseudo-fractures sealed relatively quickly upon outgassing. Finally, gas filter-pressing is a well-
established phenomenon in magmatic environments. Therefore, gas migration regimes do occur in
magmas, but the transitions between regimes and the conditions in which they emerge are unclear.
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Figure 5. Idealized graph of variations in percolation threshold (bubble volume necessary for permeability development) with
particle fraction, when all other parameters are constant. For volcanoes, these changes in outgassing efficiency are likely to
affect eruption style and explosivity. They can also affect interpretation of volcanic gas monitoring.

* Approximate percolation threshold for round bubbles, determined through percolation theory (Saar et al., 2001).

The analogue experiments rely on several fundamental simplifications: the particles are spherical
or crushed, and the bubbles are the only phase in the experiments that evolves with time. Particle
shape is important because it can affect random packing values (percolation threshold, RLP and
RCP), which indicate regime transitions. Crystal size and shape distributions are highly variable in
magmas, and random packing values are thus poorly constrained. Furthermore, natural magmas are
dynamic systems that are rarely in equilibrium. Crystals grow and resorb with changing temperature
and pressure, crystals grow onto other crystals, external sources of shear are applied on the magma
(e.g. during rise), and we have already suggested that stresses applied on the crystal network by the
growing bubble may affect regime transitions (Fig. 3[C]). We will cover these parameters in the
following sections.

7.4.1 - Crystallinity and random packing values in magmatic environments

Variations in gas migration regimes in the experiments were due to interactions between bubbles
and particles in particle-rich mushes. Here, we assess the ranges of applicability of these gas
migration regimes in natural magmas, in order to determine whether these regimes can indeed
affect eruption dynamics.

Our analogue experiments show an onset of bubble deformation at a similar ¢ value regardless
of set-up geometry, liquid viscosity, and method of bubble generation. While internal bubble
pressure and crystal size might shift the transition, ¢ remains the primary control for regime
transitions. Therefore, a first step toward applying this work is to determine random packing values
(percolation threshold, RLP and RCP) of crystals in magmas. Random packings, however, might vary
from one magma to another, depending on crystal size and shape distributions (e.g. Baker & Kudrolli
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2010; Moitra and Gonnermann, 2015), therefore investigation of random packing in natural samples
can be challenging.

Modelling efforts provide estimates for the percolation threshold (Saar et al., 2001; Garboczi et
al., 1995), RLP (Delaney et al., 2011) and the maximally random jammed state (MRJ) for particles of
varying aspect ratio (Figure 7). MRJ is an attempt at quantitatively defining RCP as the closest
packing of a suspension in its least ordered state (Torquato et al., 2000), and is useful for prolate or
oblate suspensions as it ensures random orientation of the particles (Donev et al., 2003). These
models can provide an estimate of the ranges of particle fractions at which particles of various
aspect ratios interact.

In practice, since we suggest that shear-dilation causes bubble deformation (Oppenheimer et al.,
2015), we can look for evidence of this flow behaviour in magmas. Shear-dilation was observed in
experimental magmas as early as 1979 by van der Molen and Patterson, who sheared melted
granites and observed that samples with higher crystallinities (65%) drew in externally available melt
when sheared. More recent rheological experiments of real, synthetic, and analogue magmas have
isolated an onset of “apparent yield strength” or “false yield strength” which increases significantly
at high particle fractions. An apparent yield strength is a non-Newtonioan behaviour generally
associated with shear dilation. For crystals with relatively high aspect ratios (e.g. plagioclase), these
investigations place the rheological transition at crystallinities around 18 — 40 vol% (Picard et al.,
2013 [20-40 vol%, AR 3.5 - 5]; Jerram et al., 2003 [20 — 30 vol%]; Hoover et al., 2001 [18 — 22 vol%,
AR 3.4]). For more equant crystals, this rheological transition occurred around 35 — 50 vol% (Caricchi
et al., 2007 [~40-50 vol%; crushed quartz]; Hoover et al., 2001 [35 — 45 vol%; AR = 1.1 — 1.3]). These
values are above the percolation threshold, hence the suspension rheology is likely subject to
interactions between particles. However, they are also often below the model estimates for RLP:
either the experimental cases haver lower RLP values than idealised models (due to experimental
variability such as particle roughness, and ranges in particle size and aspect ratio), or the
environmental conditions in rheological experiments are fundamentally different from ours (e.g.
performed exclusively at lower stress).

There is also evidence for shear dilation in magmas from the internal and external textures of
natural samples. For instance, Smith (2000) identified glassy shear zones symptomatic of shear
dilation, in trachyte dykes. The expansion (i.e. dilatancy) associated with shear-dilation may also
cause crystal-scale roughness of magma-gas interfaces at bubble boundaries and on the surfaces of
flows or clasts (rather than smooth, ropy surfaces; Soule and Cashman, 2005; Hoover et al., 2001).
Textural analysis of Hawai’ian lava flows shows that the transition from pahoehoe (smooth flows;
Fig. 6a) to ‘a’a (self-brecciating flows; Fig. 6b) occurs at crystallinities of 25 - 35 vol% (Katz and
Cashman, 2003), consistent with the rheological transition for elongate crystals discussed above
(Figure 7). Since bubble deformation is greater, and bubble content (vesicularity) is lower in ‘a’a
flows than in pahoehoe flows (Polacci et al., 1999; Sehlke et al., 2014), this rheological transition
does seem to coincide with a transition in gas migration behaviour. Therefore, in basalts, the
transition from round bubbles to deformed bubbles may occur around 25 — 35 vol% crystals.
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Figure 6. BackScatter Elecron microphotographs showing bubble shapes in samples from a variety of eruption styles and
magma compositions. Melt and crystals are grey, bubbles are black, and all crystallinities given are bubble-free crystallinities.
(a) Hawaiian pahoehoe flow with low crystallinity of 7 vol% and round bubbles (Cashman et al., 1999); and (b)
Hawaiian basaltic‘a’a flow with crystallinity 45 vol% (Cashman et al., 1999), in which bubbles are significantly more deformed
than in the pahoehoe sample. (c) Basaltic-andesite scoria from Paricutin, with crystallinity 54 vol%; (d) Trachytic pumice with
crystallinity = 39 vol% from Campi Flegrei (Piochi et al., 2008); (e) Basaltic-andesite enclave from Mt Mazama, Oregon, with
crystallinity > 60 vol%, showing possible pseudo-fractures (from original sample suite studied in Bacon, 1986). (f) Dacitic
pumice from Mt St Helens, 1980, crystallinity ~48 vol% (Cashman and Blundy, 2000): here, straight bubble edges are visibly
parallel to crystals.
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Figure 7. Rheological and packing thresholds for prolate ellipsoids and rectangular prisms from various experimental and
numerical investigations. The connected data points show results from numerical models for the onset of percolation
threshold (orange), random loose packing (RLP; purple), maximally random jammed state (MRJ; green, filled squares), and an
empirical random close packing (RCP; green, open squares). Shaded areas represent the onset of apparent yield strengths in
experimental investigations (references are indicated near the shaded areas, and referred to in the main text). Analogue
experiments by Mueller (2009; grey discs) appear to have given the results closest to RCP, especially for their most “idealised”
particles (glass spheres, AR = 1).

Marsh (1981) show that most erupted lavas have less than 55 vol% phenocrysts, suggesting that
magmas with > 55 vol% crystals are too crystalline to erupt. To our knowledge, his value has not
been challenged since, although models developed for natural cases often conservatively estimate
that magmas become locked above ~50 vol% crystals (e.g. Huber et al., 2012). One might therefore
assume that RCP for phenocrysts in magmas is ~55 vol%. Assuming that significant bubble
deformation begins in magmas around 0.63 < ¢ < 0.86 (depending on shear stress; Figure 3), then
bubble deformation regimes begin for phenocrysts at crystallinities between 35 and 47 vol%.
Microlites are generally more elongate and therefore are likely to have lower random packing values
than phenocrysts (Figure 7). They are also smaller, thus less favourable for the pore invasion regime
at relatively low ¢ (Jain and Juanes, 2009). Therefore, gas migration regimes occur at crystallinities
relevant for magmas, and are particularly pertinent for groundmass textures.

In summary, the available experiments and theory on particle interactions in suspensions indicate
that deformed bubbles should begin to appear in magmas between 20 and 50 vol% crystallinity
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which is consistent with the textures observed in eruption products (Figure 6). Furthermore, there
are strong links between the rheology of suspensions, shear dilation and gas migration regimes
because they are all controlled by the interactions of particles in suspension. Therefore, critical
crystal fractions can be identified through other methods (e.g. rheological tests), and used to predict
gas migration regimes in different magmas.

7.4 2 - Applicability to dynamically evolving systems

In this section, we speculate on the applicability of results from experiments with no
crystallization and no external shear to dynamic natural systems, and discuss how time-dependent
phenomena may affect the bubble deformation model.

Dynamic bubble growth: In the analogue experiments, the concentration of the volatile phase
was the only parameter that changed with time: bubble growth was studied dynamically with either
a single bubble, or with many bubbles, and the regime changes occurred at the same (bubble-free)
particle concentration. Therefore, regardless of bubble number densities, once magma crystallinity
reaches the critical ¢, the gas migration behaviour can change dramatically from a round bubble
regime to a deformed (or side flow) regime. If the suspension bears many bubbles, it can switch from
a gas retention regime to a more permeable regime by forming outgassing pathways. In the case of
single bubbles, a severely deformed bubble might find an outgassing pathway at lower bubble
volume, through fingers (or pseudo-fractures) that reach farther into the suspension. However, gas
front propagation requires higher internal bubble pressures than in particle-poor suspensions
(Oppenheimer et al., 2015).

The gas migration regimes are most applicable to bubbles that are growing dynamically and are
significantly larger than the crystals. Bubbles of similar size to the crystals are also affected by local
force interplays at crystal boundaries (e.g. Belien et al., 2010), and bubbles smaller than the pore-
space are more likely entrained in the liquid phase (e.g. Boudreau, 2016; Belien et al., 2010). The
occurrence of pseudo-fractures depends on high strength of the bulk suspension, and thus is more
applicable to systems with many crystals and sparse bubbles, such as evolved crystallised systems
that have already lost most of their volatiles (e.g. conduit plugs and some lava domes). Finally,
bubbles in our experiments mobilise the liquid-particle suspensions, and are therefore applicable
when bubble pressures are high enough to compete with the mechanical forces between crystals
(Holtzman et al., 2010, 2012).

Crystallisation processes: The analogue experiments did not have dynamically changing particle
contents; each individual experiment had constant liquid and particle fractions. In a magma, cooling
and gas exsolution cause the crystal fraction to increase. Therefore, crystallising magma can
spontaneously change regime-types: it can switch from a bubble retention phase to an outgassing
phase, and vice versa. When the crystallinity is at the boundary of a regime transition, a drastic
change in bubble behaviour can occur with only small changes in crystallinity, causing variations in
outgassing activity with time. Likewise, spatial variability can cause different vents of the same
volcano to have different outgassing behaviours depending on bubble and crystal interactions near
the surface (in this case, Stromboli might be a good case study; Landi et al., 2011).
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Furthermore, the particles in the experiments were introduced by mixing and could not weld by
growing onto each other. Thus force chains were built by contact and friction between particles.
Crystals in magmas grow dynamically, and thus are likely to grow onto other crystals. On the one
hand, heterogeneous nucleation can form crystal clusters, dendritic intergrowths, spherulites, or
other irregular shapes which may lower the crystallinity necessary for force-bearing crystal networks
to develop. On the other hand, they could form undeformable networks of particle intergrowths, as
observed with plagioclase crystals by Philpotts et al., (1998, 1999) and Hoover et al., (2001). Locked
(or undeformable) crystal networks can then occur at much lower crystal fractions than for
unattached particles (the red area in Figure 7 shows the onset of plagioclase intergrowths by
Philpotts et al., 1998). Depending on the strength of these chains, and on the behaviour of other
crystals around them, bubble shapes could transition to the pore space invasion regime at
substantially lower crystal fractions than suggested by the analogue experiments.

Constraints on shear: Experiments with large bubble rise in vertical tubes showed that the
magnitude of the stress applied on the suspension may affect transitions in gas migration regimes.
The experimental results are therefore most applicable to a magma body at rest, or flowing slowly,
with crystals that are randomly oriented and in which the main source of stress is the growing
bubbles. In magmas, shear stresses due to flow are higher near hard boundaries (e.g. walls of rising
magmas, base of lava flows) and cause bubble elongation and coalescence (Okumura et al., 2009,
2008; Rust et al., 2003), particle re-orientation (Mueller et al., 2010; lldefonse et al., 1992), and
breakage of crystals and crystal-clusters (Mair et al., 2002; Chang and Powell, 1993). All of these
parameters can affect the rheology of the suspension, as well as bubble growth, coalescence and
splitting. They can therefore affect gas migration regimes.

7.5 - Concluding remarks

The increase in outgassing efficiency when crystallinity approaches RCP answers our introductory
question: it explains the efficient outgassing at crystal-rich volcanoes (e.g. crystal-rich and volatile-
poor plutons, lava flows, and domes). However, the implications of gas migration regimes go beyond
application to volatile-poor effusive eruptions. These findings also have important implications for
more explosive eruptions, for eruptive processes in the conduit, and for interpretations of field
samples.

The rheological changes induced by crystals in magmas can affect bubble shapes and significantly
alter outgassing behaviours of crystal-bearing magmas. Bubbles that have been deformed by
interaction with crystals are ubiquitous (e.g. Figure 6) and transitions in gas migration behaviour
occur at crystallinities that are commonly found in magmas, but they are likely to vary with flow
conditions, and with crystal size and shape distributions. The possible implications of gas migration
regimes for outgassing and eruption dynamics make them worthy of further investigation.
Therefore, resolving bubble-crystal interactions in dynamically changing environments may allow a
more direct application to volcanic settings, as will further work into the effects of crystal shape and
size distributions on gas migration regimes.
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Finally, since regime transitions depend primarily on mechanical interactions between particles in
the invaded suspension, our deformation regimes are also applicable to other fields in volcanology,
such as liquid-mush interactions that lead to magma mixing and enclave formation, or to industrial
applications of gas migration in slurries, such as for nuclear waste storage (e.g. Gauglitz et al., 2012;
Rassat et al., 1998).

Acknowledgements

The research leading to these results has received funding from the European Union Seventh
Framework Programme (FP7/2007-2013) under the project NEMOH, grant agreement n° 289976. |
would like to extend my warmest thanks to my secondment advisors Stephen Lane, Michael James,
and Antonio Capponi. Many thanks, also, to Charles Clapham for his help building the Hele-Shaw cell,
and Bjornar Sandnes, Heidy Mader, Jon Blundy, Paul Jarvis, Irving Munguia, and an anonymous
reviewer for conversations and comments that significantly improved this research and this
manuscript.

References

Baker, J. and Kudrolli, A. (2010). Maximum and minimum stable random packings of platonic solids. Physical
Reviews E, 82(6).

Belien, 1.B., Cashman, K. V. and Rempel, A. W. (2010). Gas accumulation in particle-rich suspensions and
implications for bubble populations in crystal-rich magma. Earth Planet. Sci. Lett. 297: 133-140. DOI:
10.1016/j.epsl.2010.06.014.

Bi, D. P., Zhang, J., Chakraborty, B. and Behringer, R. P. (2011). Jamming by shear, Nature, 480: 355-358. DOI
10.1038/nature10667.

Boudreau, A., (2016). Bubble migration in a compacting crystal-liquid mush, Contributions to Mineral Petrology,
171 (32): 17 DOI: 10.1007/s00410-016-1237-9.

Brown, E. and Jaeger, H. M. (2014). Shear thickening in concentrated suspensions: phenomenology,
mechanisms, relations to jamming. Reports on Progress in Physics,77 (4): 23, DOl 10.1088/0034-
4885/77/4/046602.

Brown, E., Zhang, H. J., Forman, N. A., Maynor, B. W., Betts, D. E., DeSimone, J. M. and Jaeger, H. M (2011).
Shear thickening, jamming in densely packed suspensions of different particle shapes. Physical Review E,
84 (3): 11, DOI 10.1103/PhysRevE.84.031408.

Brown, E. and Jaeger, H. M. (2012). The role of dilation, confining stresses in shear thickening of dense
suspensions. Journal of Rheology, 56 (4): 875-923, DOI :10.1122/1.4709423.

Capponi, A., James, M. R. and Lane, S. J. (2016). Gas slug ascent in a stratified magma: Implications of flow
organisation, instability for Strombolian eruption dynamics. Earth and Planetary Science Letters, 435:
159-170, DOI: 10.1016/j.epsl.2015.12.028.

Caricchi, L., Burlini, L., Ulmer, P., Gerya, T., Vassalli, M. and Papale, P. (2007). Non-Newtonian rheology of
crystal-bearing magmas, implications for magma ascent dynamics. Earth and Planetary Science Letters,
264 (3-4): 402-419, DOI: 10.1016/j.epsl.2007.09.032.

Cashman, K. V. (1992). GROUNDMASS CRYSTALLIZATION OF MOUNT ST HELENS DACITE, 1980-1986 - A TOOL
FOR INTERPRETING SHALLOW MAGMATIC PROCESSES. Contributions to Mineralogy and Petrology, 109
(4): 431-449, DOI: 10.1007/bf00306547.

105



Gas migration in crystal-rich magmas

Cashman, K. V. and Blundy J. (2000). Degassing and Crystallization of Ascending Andesite and Dacite.
Philosophical Transactions: Mathematical, Physical and Engineering Sciences, 358 (1770): 1487-1513.

Cashman, K. V., Thornber, C. and Kauahikaua, J. P. (1999). Cooling and crystallization of lava in open channels,
and the transition of Pahoehoe Lava to 'A'a. Bulletin of Volcanology, 61 (5): 306-323, DOI:
10.1007/s004450050299.

Chang, C. Y. and Powell, R. L. (1993). DYNAMIC SIMULATION OF BIMODAL SUSPENSIONS OF
HYDRODYNAMICALLY INTERACTING SPHERICAL-PARTICLES. Journal of Fluid Mechanics, 253: 1-25. DOI
:10.1017/50022112093001697.

Del Bello, E., Llewellin, E. W., Taddeucci, J., Scarlato, P. and Lane, S. J. (2012). An analytical model for gas
overpressure in slug-driven explosions: Insights into Strombolian volcanic eruptions. Journal of
Geophysical Research-Solid Earth, 117. DOI :10.1029/2011jb008747.

Delaney, G. W., Hilton, J. E. and Cleary, P. W. (2011). Defining random loose packing for nonspherical grains.
Physical Review E, 83 (5). DOI: 10.1103/PhysRevE.83.051305.

Garboczi, E. J., Snyder, K. A., Douglas, J. F. and Thorpe, M. F. (1995). GEOMETRICAL PERCOLATION-THRESHOLD
OF OVERLAPPING ELLIPSOIDS. Physical Review E., 52 (1): 819-828. DOI: 10.1103/PhysRevE.52.819.
Gauglitz, P.A., Buchmiller, W.C., Probert, S.G., Owen, A.T. and Brockman, F.J. (2012). Strong-Sludge Gas
Retention and Release Mechanisms in Clay Simulants. Report for the U.S. Department of Energy (PNNL-

21167 Rev 0).

Holtzman, R. and Juanes, R. (2010). Crossover from fingering to fracturing in deformable disordered media.
Physical Review E, 82 (4): 5. DOI: 10.1103/PhysRevE.82.046305.

Holtzman, R., Szulczewski, M. L. and Juanes, R. (2012). Capillary Fracturing in Granular Media. Physical Review
Letters, 108 (26): 4. DOI: 10.1103/PhysRevLett.108.264504.

Hoover, S. R., Cashman, K. V. and Manga, M. (2001). The yield strength of subliquidus basalts - experimental
results. Journal of Volcanology and Geothermal Research, 107 (1-3): 1-18. DOI :10.1016/s0377-
0273(00)00317-6.

Huber, C., Bachmann, O., Vigneresse, J.-L., Dufek, J. and Parmigiani, R. (2012). A physical model for metal
extraction, transport in shallow magmatic systems. Geochemistry Geophysics Geosystems, 13. DOI:
10.1029/2012gc004042.

lldefonse, B., Launeau, P., Bouchez, J. L. and Fernandez, A. (1992). EFFECT OF MECHANICAL INTERACTIONS ON
THE DEVELOPMENT OF SHAPE PREFERRED ORIENTATIONS - A 2-DIMENSIONAL EXPERIMENTAL
APPROACH. Journal of Structural Geology, 14 (1): 73. DOI: 10.1016/0191-8141(92)90146-n.

Islam, A., Chevalier, S. and Sassi, M. (2013). Experimental, numerical studies of CO2 injection into water-
saturated porous medium: capillary to viscous to fracture fingering phenomenon. GHGT-11 Proceedings
of the 11th International Conference on Greenhouse Gas Control Technologies, 37: 5511-5519. DOI:
10.1016/j.egypro.2013.06.471.

Jain, A. K. and Juanes, R. (2009). Preferential Mode of gas invasion in sediments: Grain-scale mechanistic model
of coupled multiphase fluid flow, sediment mechanics. Journal of Geophysical Research-Solid Earth, 114.
DOI: 10.1029/2008jb006002.

James, M. R., Lane, S. J., Wilson, L. and Corder, S. B. (2009). Degassing at low magma-viscosity volcanoes:
Quantifying the transition between passive bubble-burst and Strombolian eruption. Journal of
Volcanology and Geothermal Research, 180 (2-4): 81-88. DOI: 10.1016/j.jvolgeores.2008.09.002.

Jerram, D. A., Cheadle, M. J. and Philpotts, A. R. (2003). Quantifying the building blocks of igneous rocks: Are
clustered crystal frameworks the foundation? Journal of Petrology, 44 (11): 2033-2051. DOI:
10.1093/petrology/egg069.

106



Gas migration in crystal-rich magmas

Katz, M. G. and Cashman, K. V. (2003). Hawaiian lava flows in the third dimension: Identification, interpretation
of pahoehoe, 'a‘a distribution in the KP-1, SOH-4 cores. Geochemistry Geophysics Geosystems, 4. DOI:
10.1029/2001gc000209.

Landi, P., Marchetti, E., La Felice, S., Ripepe, M. and Rosi, M. (2011). Integrated petrochemical, geophysical data
reveals thermal distribution of the feeding conduits at Stromboli volcano, Italy. Geophysical Research
Letters, 38. DOI: 10.1029/2010g1046296.

Mair, K., Frye, K. M. and Marone, C. (2002). Influence of grain characteristics on the friction of granular shear
zones. Journal of Geophysical Research-Solid Earth, 107 (B10). DOI: 10.1029/2001jb000516.

Marsh, B. D. (1981). On the crystallinity, probability of occurrence, and rheology of lava and magma.
Contributions to Mineralogy and Petrology, 78 (1): 85-98. DOI: 10.1007/bf00371146.

Moitra, P. and Gonnermann, H.M. (2015). Effects of crystal shape- and size-modality on magma rheology.
Geochemistry Geophysics Geosystems, 16(1): 1-26.

Mueller, S., Llewellin, E. W. and Mader, H. M. (2010). The rheology of suspensions of solid particles. Proceedings
of the Royal Society a-Mathematical Physical, Engineering Sciences, 466 (2116): 1201-1228. DOI:
10.1098/rspa.2009.0445.

Mueller, S., Llewellin, E. W. and Mader, H. M. (2011). The effect of particle shape on suspension viscosity,
implications for magmatic flows. Geophysical Research Letters, 38 (13): 5. DOI: 10.1029/2011¢l047167.

Okumura, S., Nakamura, M., Takeuchi, S., Tsuchiyama, A., Nakano, T. and Uesugi, K. (2009). Magma deformation
may induce non-explosive volcanism via degassing through bubble networks. Earth and Planetary
Science Letters, 281 (3-4): 267-274. DOI: 10.1016/j.epsl.2009.02.036.

Okumura, S., Nakamura, M., Tsuchiyama, A., Nakano, T. and Uesugi, K. (2008). Evolution of bubble
microstructure in sheared rhyolite: Formation of a channel-like bubble network. Journal of Geophysical
Research-Solid Earth, 113 (B7). DOI: 10.1029/2007jb005362.

Onoda, G. Y. and Liniger, E. G. (1990). RANDOM LOOSE PACKINGS OF UNIFORM SPHERES, THE DILATANCY
ONSET. Physical Review Letters, 64 (22): 2727-2730. DOI: 10.1103/PhysRevLett.64.2727.

Oppenheimer, J., Rust, A.C, Cashman, K. V. and Bjornar, S. (2015). Gas migration regimes and outgassing in
particle-rich suspensions. Frontiers in Physics, 3 (60): 13.

Philpotts, A. R., Brustman, C. M., Shi, J. Y., Carlson, W. D. and Denison, C. (1999). Plagioclase-chain networks in
slowly cooled basaltic magma. American Mineralogist, 84 (11-12): 1819-1829.

Philpotts, A. R., Shi, J. Y. and Brustman, C. (1998). Role of plagioclase crystal chains in the differentiation of
partly crystallized basaltic magma. Nature, 395 (6700): 343-346. DOI: 10.1038/26404.

Picard, D., Arbaret, L., Pichavant, M., Champallier, R. and Launeau, P. (2013). The rheological transition in
plagioclase-bearing magmas. Journal of Geophysical Research-Solid Earth, 118 (4): 1363-1377. DOI:
10.1002/jgrb.50091.

Piochi, M., Polacci, M., De Astis, G., Zanetti, A., Mangiacapra, A., Vannucci, R. and Giordano, D. (2008). Texture,
composition of pumices, scoriae from the Campi Flegrei caldera (Italy): Implications on the dynamics of
explosive eruptions. Geochemistry Geophysics Geosystems, 9. DOI: 10.1029/20079gc001746.

Polacci, M., de Maisonneuve, C. Bouvet, Giordano, D., Piochi, M., Mancini, L., Degruyter, W. and Bachmann, O.
(2014). Permeability measurements of Campi Flegrei pyroclastic products: An example from the
Campanian Ignimbrite, Monte Nuovo eruptions. Journal of Volcanology and Geothermal Research, 272:
16-22. DOI: 10.1016/j.jvolgeores.2013.12.002.

Rassat S.D., Claey, S.M., Bredt, P.R., Gauglitz, P.A., Rinehart D.E. and Forbes, S.V. (1998). Mechanisms of Gas
Retention and Release: Experimental Results for Hanford Single-Shell Waste Tanks 241-A-101, 241-S-
106, and 241-U-103. Report for the U.S. Department of Energy (PNNL-11981).

107



Gas migration in crystal-rich magmas

Rust, A. C., Manga, M. and Cashman, K. V. (2003). Determining flow type, shear rate, shear stress in magmas
from bubble shapes, orientations. Journal of Volcanology and Geothermal Research, 122 (1-2): 111-132.
DOI: 10.1016/s0377-0273(02)00487-0.

Saar, M. 0., Manga, M., Cashman, K. V. and Fremouw, S. (2001). Numerical models of the onset of yield strength
in crystal-melt suspensions. Earth and Planetary Science Letters, 187 (3-4): 367-379. DOI:
10.1016/s0012-821x(01)00289-8.

Savov, I. P., Luhr, J. F. and Navarro-Ochoa, C. (2008). Petrology, geochemistry of lava, ash erupted from Volcan
Colima, Mexico, during 1998-2005. Journal of Volcanology and Geothermal Research, 174 (4): 241-256.
DOI: 10.1016/j.jvolgeores.2008.02.007.

Shinohara, H., (2008). Excess degassing from volcanoes and its role on eruptive and intrusive activity. Reviews of
Geophysics, 46 (4), RG4005. DOI: 2007RG000244

Sehlke, A., Whittington, A., Robert, B., Harris, A., Gurioli, L. and Medard, E. (2014). Pahoehoe to 'a' a transition
of Hawaiian lavas: an experimental study. Bulletin of Volcanology, 76 (11). DOI: 10.1007/s00445-014-
0876-9.

Seto, R., Mari, R., Morris, J. F. and Denn, M. M. (2013). Discontinuous Shear Thickening of Frictional Hard-Sphere
Suspensions. Physical Review Letters, 111 (21): 5. DOI: 10.1103/PhysRevLett.111.218301.

Sisson, T. W. and Bacon, C. R. (1999). Gas-driven filter pressing in magmas. Geology, 27 (7): 613-616. DOI:
10.1130/0091-7613(1999)027<0613:gdfpim>2.3.c0;2.

Smith, J. V. (2000). Textural evidence for dilatant (shear thickening) rheology of magma at high crystal
concentrations. Journal of Volcanology and Geothermal Research, 99 (1-4): 1-7. DOI: 10.1016/s0377-
0273(99)00191-2.

Soule, S. A. and Cashman, K. V. (2005). Shear rate dependence of the pahoehoe-to-'a'a transition: Analog
experiments. Geology, 33 (5): 361-364. DOI: 10.1130/g21269.1.

Torquato, S., Truskett, T. M. and Debenedetti, P. G. (2000). Is random close packing of spheres well defined?
Physical Review Letters, 84 (10): 2064-2067. DOI: 10.1103/PhysRevLett.84.2064.

108



Gas migration in crystal-rich magmas

Julie Oppenheimer, France
jo0231@my.bristol.ac.uk

Affiliation under NEMOH
University of Bristol, Bristol, United Kingdom

Research theme under NEMOH
Gas migration regimes in crystal-bearing magmas

| have a fairly eclectic background in geoscience: During my undergraduate degree, | specialized in
physical geography and glaciology, then chose to study a Masters in Science of Natural Hazards. For
my Masters thesis, | ran batch reaction models of chemical reactions and reactive transport in a
magmatic hydrothermal system (using the program PHREECQ). It was during my PhD with NEMOH
that | became fascinated with experimental work, and specifically with how bubbles and crystals
affect eruption behaviour. | used three-phase analogues to simulate magma and observed the
manners in which bubble morphology and gas migration pathways respond to interaction with
particles. | then matched some of the experimentally determined flow regimes to textures in field
samples from Mt Mazama (Crater Lake, Oregon), by tracking the morphology and volume fraction of
bubbles and crystals in 2D (microscope and SEM) and 3D (X-ray tomography). During my NEMOH
secondment in the Lancaster Environment Centre, | collaborated with NEMOH fellow Antonio
Capponi: we ran analogue experiments to better constrain eruption behaviours of Stromboli Volcano
(Italy). Through that collaboration, and through the NEMOH schools, | was introduced to acoustic
and seismic signals at volcanoes, their use for interpretation of volcanic activity, and the manners in
which they can be matched to experimental signals.

NEMOH has taught us, among many other lessons, the necessity for multi-disciplinary approaches to
monitor and interpret volcanic eruptions. The multifaceted aspect of volcanology is what attracted
me to the field in the first place. Hence, while | aspire to continue working in experimental
volcanology, | also hope to develop my skills in other areas, specifically in analysis of field samples
and geophysical signals to better link my experimental results with field data. In March 2017, |
started a postdoctoral research position at Columbia University (NY, USA), further developing the
research | started with NEMOH.

109






Steam-driven eruptions in volcanic systems

Chapter 8

Explosivity of steam-driven eruptions in volcanic systems

Cristian Montanaro

Department of Earth and Environmental Sciences, Ludwig-Maximilians-Universitat Minchen, Munich,
Germany

Tutorship: Bettina Scheu

Department of Earth and Environmental Sciences, Ludwig-Maximilians-Universitat Minchen, Munich,
Germany

Abstract

Steam-driven eruptions (e.g. phreatic and hydrothermal) represent a large percentage of explosive events,
perhaps the majority, in volcanic systems. These eruptions only expel fragments of non-juvenile rocks
disintegrated by the expansion of water as liquid or gas phase. The conditions that cause steam-driven
eruptions arise through a rapid increase in temperature or decrease in pressure. Thus, these eruptions may
occur with different degrees of explosivity, as their violence is related to the magnitude of the decompression
work that can be performed by expansion of fluids. Steam-driven eruption deposits, though generally hardly
recognized or badly preserved, yield information on the dynamics and energy of these explosive events.

In this chapter results from a study of two recent eruptive events, and a further experimental study are
discussed. In particular these studies investigate the role played by i) the pressure, temperature and liquid
fraction within a system before an eruption, and ii) the nature of the rock hosting the hydrothermal system.
These parameters control the rate at which energy is released and in turns the violence of such explosive
events.

Overall, the energy surplus in the presence of steam-flashing leads to 1) a faster fragmentation with respect
to a gas-driven process, 2) a significant reduction of the average grainsize of produced material, as well as an
increase in amount of very fine material, and 3) higher ejection velocities of fragmented particles. The
lithologies investigated in this work (from loose sediments, to very heterogeneous tuff breccias and
agglutinates, and fine-grained tuffs) cover large spectra of porosity, permeability and rock strength. The
presence of low permeability layer or rocks may 1) lead to overpressurized condition during vaporization of
water within loose sediment, or 2) reduce the pressure dissipation during the fragmentation process.
Additionally, low strength rock can produce higher amount of fine particles than firmly cemented rocks. Finally
the homogeneous or heterogeneous nature of rocks plays another important role, since the mixed presence of
fine-grained matrix and dense clast can contribute to create both a large amount of very fine material (feeding
pyroclastic density currents), together with larger fragments (analogous to ballistics formation).

Keywords: Steam-driven eruptions, explosive energy, experimental, fragmentation, hydrothermal
eruptions.
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8. 1 - Introduction

In this work | investigate the explosivity of steam-driven eruptions in volcanic systems by using
several approaches, which involved field based studies, together with laboratory and theoretical
studies.

Steam-driven eruptions are a very complex type of explosive event, and despite their frequent
occurrence many questions remain open, particularly concerning the parameters controlling their
violence (or explosive power). The violence depends largely on the different explosivity of fluids
(liquid or gaseous) driving them, as well as on the rate of mechanical energy release. Both factors are
in turn controlled by 1) the pore liquid fraction and its physical condition (pressure-temperature)
before an explosive event, and 2) the lithology and the petrophysical properties (mainly porosity,
permeability and strength) of the host medium. A wide range of initial temperature, pressure and
liquid fraction, as well as a variety of lithotypes characterize the volcanic environments affected by
steam-driven eruptions, and consequently they show a wide range of eruptive styles.

A combined field and experimental approach as a tool to characterize the explosivity of steam-
driven eruptions may provide many estimates of the controlling parameters. Field data (e.g. deposit
volume, thickness, area, etc.) are a solid basis for defining the boundary conditions for the
application of both experimental and theoretical methods. Natural samples used for decompression
experiments under controlled conditions (pressure, temperature, liquid fraction, etc.) permit further
estimation of the energetic parameters of steam-flashing processes. Finally the energy associated
with steam flashing can be assessed via thermodynamic modelling based on an isenthalpic
(irreversible) approach. This method results in a more realistic estimation of explosive energy than
the reversible approach. A comparison of these estimated energies with those obtained from
independent methods (craterization energy, seismic energy, etc.) could help to define the energy
portioning.

8. 2 - Steam-driven eruptions

Eruptions in magmatic and hydrothermal systems are violent phenomena that result in an
explosive release of energy generated by the mechanical work of expanding fluids (Mastin, 1995;
Zhang, 2000; Thiéry and Mercury, 2008, 2009; Thiéry et al., 2010). The best known and studied
eruptions involve the expulsion of magma and magmatic gases from a vent (Gilbert and Sparks,
1998, Sigurdsson et al., 2015 and references therein). Yet a large percentage of eruptions, perhaps
the majority, only expel fragments of non-juvenile rocks disintegrated by the expansion of flashed
steam, gas or supercritical fluids (Mastin 1995; Browne and Lawless 2001; Morgan et al., 2009).
Many partially exotic names have been introduced for these type of events, and referred to specific
eruption mechanisms (Barberi et al. 1992; Mastin 1995; Browne and Lawless 2001), such as “hydro-

explosions”, “hydrothermal eruption”, “steam-blast eruptions”, “phreatic eruption”, “boiling-point
eruptions”, “gas-driven eruptions” and “mixing eruptions”, often creating ambiguity. Nevertheless
the main cause of all of these types of explosive events is the presence of near-surface water, in
liquid or gas form, whose expansion as steam drives the eruptions. Thus the more general term of

“steam-driven eruption” can be used to include many of the above-described mechanisms.
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The most common steam-driven eruptive events are represented by both phreatic and
hydrothermal eruptions (following the terminology presented in Browne and Lawless, 2001). Heated
ground or surficial water is the driving fluid behind phreatic eruptions (Stearns and McDonald 1949),
but the input of mass (fluids) and energy deriving from magma is thought to be the trigger (Figure 1-
3; Browne and Lawless, 2001). Hydrothermal eruptions instead specifically involve water close to its
boiling temperature ("boiling-point” eruption of Mastin, 1995). This eruption type is generated in the
near-surface, and result from the (rapid) formation of steam following a (sudden) pressure decrease
(Browne and Lawless 2001; McKibbin et al., 2009). Generally hydrothermal eruptions do not result
from any input of mass or energy directly derived from magma (Figure 2 and 4).

Steam-driven eruptions can last from seconds to hours (Browne and Lawless 2001; Jolly et al.,
2014), and produce craters spanning from a few meters up to more than 2 km in diameter (Muffler
et al., 1971; Browne and Lawless 2001). Typical ejection velocities vary between few tens of m/s up
to more than 200 m/s (Mastin 1995; Kilgour et al., 2010; Breard et al., 2014). Deposits are generally
of low volume (<10°m®); they are typically very-poorly sorted, matrix-supported, and may contain
hydrothermally altered clasts if they occur in geothermal reservoirs (Nelson and Giles 1985; Browne
and Lawless 2001; Morgan et al., 2009). Although the deposits are often badly preserved and
generally not recognized or described, they do provide important insights to quantify the dynamics
and energy of the explosive events that generated them. The rock properties of the groundwater
and hydrothermal systems reservoir, in particular, control the efficiency in the energy release during
an eruption, directly affecting the craterization and ejection behavior (Browne and Lawless 2001;
Thiéry et al., 2010; Breard et al., 2014; Lube et al., 2014; Mayer et al., 2015; Montanaro et al., 2016).

Steam-driven eruptions are common in many volcanic terrains as well as other areas of high heat
flow where abundant hydrothermal or magmatic activity favors conditions for (rapid) generation of
steam and pressure build-up (Figure 2). Active crater lakes also represent an increased potential for
such events as they favor condensing of fluids that rise into the lake from below. This condition
makes these lakes very sensitive to sudden pressure changes (fluid injections), increasing the
likelihood of steam-driven eruptions (Manville et al., 2015).

Steam-driven eruptions affect a limited area surrounding the explosive vent(s). Still, they can be
highly dangerous in densely populated zones, or in geothermal areas, which often host power plants,
as well as visitor parks. Major hazards are produced by:

1) ejected ballistic blocks (Etna in Italy, 1979 and 1987: 9 and 2 deaths; Agua Shuca in El Salvador,
1990: 26 deaths; Mayon in Philippines, 2013: 5 deaths);

2) discharge of clouds of toxic or paralyzing gases (Larderello in Italy, 1282: uncertain number of
deaths; Dieng in Indonesia, 1979: 149 casualties; Nyos in Cameroon, 1986: over 1700 casualties; Asa
in Japan, 1997, 2 casualties);

3) production of base surges, lahars and directional blasts, sometimes accompanied by debris
avalanches (Bandai in Japan, 1888: 461 victims; Karkar in Papua New Guinea, 1979: 2 victims; Ontake
in Japan, 2014: 57 victims).
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Figure 1. Phreatic eruption at Laguna Caliente on Poas Volcano, February 25, 2014 (on the left; source OVSICORI), and at
White Island in New Zealand, on the August 19, 2013 (on the right; GeoNet webcam). Both the areas touristic site.
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Figure 2. Schematic model of the main type of steam-driven eruptions and triggering mechanisms within a volcanic system.
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The recent hydrothermal eruptions at Mt. Ontake in Japan (Yamamoto, 2014; Kato et al., 2015), as
well as Ruapehu and Te Maari, in New Zealand (Figure 3; Kilgour et al., 2010; Breard et al., 2014),
further highlighted the major proximal hazards of these events. Moreover they occurred with little
or no pre-eruptive monitoring signals (Hurst et al., 2014). Indeed a part of their hazard potential is
due to the fact that the timing and magnitude of hydrothermal eruptions are difficult to predict as
they have manifold triggers (variances in groundwater and heat systems, earthquakes, material
fatigue, water level failure, etc.; Barberi et al., 1992; Browne and Lawless, 2001). Consequently there
are many problems concerning their detection in volcano monitoring systems; even though steam-
driven eruptions have precursor phenomena, it is very difficult to single out the specific precursors
(Barberi et al., 1992; Browne and Lawless 2001).

The conditions that cause steam-driven eruptions arise through a (rapid) increase in temperature
or decrease in pressure. The contained fluids may flash to steam, resulting in significant volume
increase and fragmentation of the enclosing rocks (McKibbin et al., 2009). The heating is the result of
an increase in reservoir energy, (e.g. by injection of magma or magmatic gases), as in the recent Mt.
Ontake eruption (Kato et al., 2015). Pressure reduction can arise due to removal of fluid from a
geothermal area, for instance by exploitation, or a reduction in confining pressure by a landslide (e.g.
Te Maari eruption; Breard et al., 2014), erosion processes, lowering of groundwater, or rapid
draining of an overlying lake (e.g. Gengissig lake in Figure 4; Montanaro et al., 2016; Morgan et al.,
2009; Muffler etal., 1971).

The response of a groundwater or geothermal system either to (rapid) increase in temperature or
(sudden) decompression depends mostly on its permeability. Highly permeable rock systems are
likely to efficiently release any steam generated, thus largely preventing pressure build-up and
eruption. However, if such a system is capped by low-permeability layers, steam generated may not
escape and pressurization of the groundwater or geothermal system is likely; sufficient
pressurization may cause rupture of the capping layers and thus initiate rapid depressurization and
thus eruptions (Browne and Lawless 2001; Seki et al., 2015; Montanaro et al., 2016).

8. 3 - Explosivity of steam-driven eruptions

An explosion is the violent response of a system to a physico-chemical perturbation, and the
resulting energetic metastable state. Fast thermodynamic processes, such as the heating of water by
magma, or rapid depressurization of a liquid produce highly transient metastable states, which tend
to reach equilibrium in a very rapid and explosive way [Thiéry and Mercury, 2009]. Thus, rapid
physical transformations of water are the causes of strong instabilities, which lead to explosive
manifestations such as steam-driven eruptions. Particularly for hydrothermal systems, the (sudden)
decompression of hot pressurized water is the main cause of such events [Browne and Lawless,
2001]. The (rapid) release of water stored at a temperature above its atmospheric-pressure boiling-
point results in instantaneous vaporization (steam flashing). Steam-driven eruptions thus occur with
different degrees of explosivity, as their violence is related to the magnitude of the decompression
work that can be performed by the steam flashing [Mastin, 1995; Thiéry and Mercury, 2008, 2009;
Thiéry et al., 2010].
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Figure 3. View of the western fissure from the ballistic field at Upper Te Maari, on Tongariro Volcanic complex, New Zealand.
The eruptive fissure (red line) and delimitation of amphitheatre (dark brown line) created by the landslide are reported on the
background. In front, the ballistic field impacted during the 2012 eruptions.

Figure 4. Aerial photo of Gengissig ice dammed on the 16th of August 2013; several small fans of ejecta are visible north of
the lake to a distance of about 1 km. Hydrothermal explosions were triggered by the sudden lake drainage (photo of Hannah I.
Reynolds).
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The explosive energy released by the expansion work of the fluids (gas or liquid) in the rock pore
space, from the breaking pressure in the pore up to the atmospheric pressure, is given by:

EExp|: m X DU (1)

where Eg, is the available explosive energy which can be released in the expansion of the fluids (J),
m is the mass of fluid already existing in the pores at the moment of the failure (g), DU is the
difference in internal energy of the fluid under the conditions before and immediately after the
expansion (J/g). The estimated Egg gives the amount of energy which can be converted into
fragmentation, kinetic and all other forms of energies such as inelastic deformation, shock waves,
etc.. The maximum amount of work that can be extracted from an expansion, and thus the
associated explosive energy, depends upon the thermodynamic path (Mastin, 1995; Thiéry and
Mercury, 2009).

By assuming a fluid expansion which is adiabatic and reversible (isentropic), the produced work
must be equal to the variation in internal energy of the fluid DU:

DU = _Patm X DV (2)

where P, is the atmospheric pressure (1 bar), and DV is the volume increase (m3). This assumption
implies that the fluid expands isentropically as an ideal gas, and ignores any energy consumption
through internal friction. Planas-Cuchi et al., (2004) modified this approach by equating the internal
energy change of a fluid (water) to the irreversible work performed as the expanding vapor pushes
against the surrounding medium. They also assumed that immediately after the expansion, there is
liquid-vapor equilibrium at atmospheric pressure and at the corresponding saturation temperature.
This assumption is much closer to the real situation and allows less conservative estimations of
overpressure by taking irreversibility factors into account such as: friction, heat loss, unrestrained
expansion of a gas, and others. The analytical solution of equation [2] applied to a mass of liquid
which vaporizes, enables calculation of the flashed steam fraction accounting for irreversibility
(Planas-Cuchi et al., 2004; Thiéry and Mercury, 2009) as:

X=1-f=1 - ([Patm X (Vinitial - Vvap) = Uvap * Uinitial]/[Uliq - Uvap + Patm X (Viig - Vvap)]) (3)

where x and f represent the steam and liquid fraction respectively, v is the molar volume, and U the
internal energy. Uiyitial (/mol) and viyigial (m3/mol) are calculated at the initial condition of the system.
Uiq (/mol), viq (m3/mol), Uvap (/mol) and vy (m3/mol) are all calculated at 100°C and 1 bar
(atmospheric-pressure boiling-point). Thiéry and Mercury (2009) demonstrated that an isenthalpic
hypothesis yields a good approximation of the irreversible case. Under this assumption the
irreversible energy of an expanding saturated liquid can be calculated as:

Eexpr1 = My X (Patm X [(1-F) X Vyap + X Viig - Vinitial)]) (4)
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where Eg,., is the irreversible explosive energy released (in J), and m,, is the mass of water (g) in the

pore space (Figure 5).
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Figure 5. P-T diagram showing the mechanical work (full solid lines, in J/g of water) released by the irreversible adiabatic
expansion of hot and pressurized steam as a function of the initial P-T conditions. Dashed lines indicate the liquid fraction (in
mass percentage) of the gas-liquid mixture at a final state of 1 bar and 100°C. Modified from Thiéry and Mercury (2009).

8. 4 - Experimental investigation of steam-driven eruptions

An experimental approach, based on a rapid decompression experiments, has been used to
investigate diverse scenarios likely for steam-driven eruptions in various types of volcanic setting.
The decompression experiments were performed in the fragmentation bomb at LMU, described in
detail by Alidibirov and Dingwell (1996) and developed further by e.g. Alatorre-Ibargiiengoitia et al.,
(2010), Rager et al., (2014), and Mayer et al., (2015).

In these experiments fragmentation can be triggered by decompression of 1) argon gas, 2) steam,
or 3) water flashing to steam within the connected pore space of the samples. The device permits
the accurate control of temperature, gas overpressure and decompression rate in order to best
represent variable magmatic and hydrothermal conditions. It consists of a large upper stainless steel
low-pressure tank (I =3.0 m; d =0.4 m) at ambient pressure and temperature conditions, and a lower
high-pressure chamber (autoclave) containing the sample, which is heated and pressurized by either
argon gas or steam. The autoclave is separated from the upper chamber by a series of diaphragms
(Figure 6).

The controlled rupturing of the diaphragms initiates the rapid decompression of the autoclave.
Following the diaphragm failure, a shock wave travels upwards into the low-pressure collector tank,
and a rarefaction wave propagates downwards into the autoclave, traveling through the sample.
Under argon and steam expansion, a brittle fragmentation of the sample is expected to occur in a
layer-by-layer way (Alidibirov and Dingwell 2000; Fowler et al., 2010; McGuinness et al., 2012), and
the particles are ejected into the upper chamber. In the case of water flashing to steam the
fracturing may be less dependent on the decompression front, but more on the orientation of pore
space and eventually pre-existing fractures (Rager et al., 2014). For each sample the fragmentation
speed (Spieler et al., 2004) is calculated by using the time delay At of the pressure drop over the
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entire sample, as recorded by the transducers above and below the sample, and the sample length
(Scheu et al., 2006).
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Figure 6. Fragmentation bomb setup: frontal (camera) view of experimental setup (left) and schematic drawing (right) of the
fragmentation bomb used during this study (Mayer et al., 2015).

Prior to the experiment, each rock sample is mounted into a cylindrical steel crucible. For the
argon-dry decompression experiments, samples were mounted into the crucible and directly placed
inside the autoclave ready for fragmentation experiments. For the experiments with steam, the
mounted sample is placed within the autoclave together with a specific amount of distilled water.
The amount of water is calculated by means of steam tables in order to achieve the desired
pressurization within the connected pore space of the sample, and in the remaining autoclave
chamber above the sample, solely by steam pressure. Temperature rise up to the boiling point, and
gases generated upon vaporization increase the pressure in the autoclave until the targeted dwell
conditions are reached. The system is generally left to equilibrate for 10 minutes before triggering
the fragmentation. For experiments in the presence of steam-flashing, mounted samples are
submerged in water and placed under a vacuum for at least 72 h to facilitate the water absorption
within the connected porosity, assuring maximum water saturation. During the decompression of
the system, the phase transition from liquid water to water vapor is crossed. The ejection of the
sample is filmed by a high-speed camera (Phantom V7108347, Vision Research, USA) at 10,000
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frames per second through a transparent Plexiglas inlet at the bottom of the large chamber. This
allows the tracking of fragmented particles and an estimation of their ejection velocities.

The fragmented material is collected from the large chamber and its grain size distribution is
analyzed using dry sieving at half-phi steps of particles >63 pum in size. Due to the sealing between
the Plexiglas cylinder and the collector tank, as well as the adhesion of very fine particles on the lid
and along the rim of the tank, a complete recovery of the very finest fraction is not possible;
however, a minimum weight yield of 90-95% is generally achieved.

8. 5 - Case studies and main findings

To unravel the parameters controlling the energetics of the steam-driven eruptions a combined
field and experimental approach, together with other methodology when possible, have been used
to investigate two recent hydrothermal explosive events. These represented two end-member cases
for steam-driven eruptions. Their characteristics as well as the findings of the studies are
summarized below:

i) Small hydrothermal explosions: consist of jetting of hydrothermal fluids (steam, water) and
substantial amounts of solid material (mud and rock fragments). Such events can last a few seconds
to minutes, and produce craters spanning from a few meters up to hundreds of meters in diameter.
The crater depths range from a few meters to several hundred meters and strongly depend on host
rock composition. Ejected debris may reach velocities of a few tens of m/s, and usually produce low
volume deposits. These are generally very poorly sorted, and matrix-supported.

Our case study of small hydrothermal explosions is the Gengissig hydrothermal explosions (Figure
7; Montanaro et al., 2016) that occurred within an active geothermal area at Kverkfjoll, a central
volcano at the northern edge of Vatnajokull. On August 15th 2013, a small jokulhlaup occurred when
the Gengissig ice dammed lake drained at Kverkfjoll. The lake level dropped by approximately 30 m,
decreasing pressure on the lake bed and triggering several hydrothermal explosions on the 16th.
Detailed fieldwork, laboratory studies, and models of the energetics of explosions with information
on duration and amplitudes of seismic signals, have been used to analyse the mechanisms and
characteristics of these hydrothermal explosions. Field and laboratory studies were also carried out
to help constrain the sedimentary sequence involved in the event. The explosions lasted for 40-50
seconds and involved the surficial part of an unconsolidated and hydrothermally altered glacio-
lacustrine deposit composed of pyroclasts, lavas, scoriaceous fragments, and fine-grained welded or
loosely consolidated aggregates, interbedded with clay-rich layers. Several small fans of ejecta were
formed, reaching a distance of 1 km north of the lake and covering an area of approximately 0.3 km?,
with a maximum thickness of 40 cm at the crater walls. The material (volume of approximately 10*
m3) has been ejected by the expanding boiling fluid, generated by the pressure failure affecting the
surficial geothermal reservoir.

The maximum thermal, craterization and ejection energies, calculated for the explosion areas,
are on the order of 10", 10'® and 10°J, respectively. These are in good agreement with estimates
from the volume of the ejecta and the crater sizes. According to our estimates, approximately 30% of
the available thermal energy was converted into mechanical energy during this event. The residual

120



Steam-driven eruptions in volcanic systems

energy was largely dissipated as heat, while only a small portion was converted into seismic energy.
Estimation of the amount of freshly-fragmented clasts in the ejected material obtained from SEM
morphological analyses, reveals that there was a low but significant energy consumption by
fragmentation.

Decompression experiments were performed in the laboratory mimicking the conditions due to the
drainage of the lake. Experimental results confirm that only a minor amount of energy is consumed
by the creation of new surfaces in fragmentation, whereas most of the fresh fragments derive from
the disaggregation of aggregates. Furthermore, ejection velocities of the particles (40-50 m/s),
measured via high-speed videos, are consistent with those estimated from the field. The
multidisciplinary approach used here to investigate hydrothermal explosions has proven to be a
valuable tool that can provide robust constraints on energy release and partitioning for such small-
size yet hazardous, steam-explosion events.

ii) Large hydrothermal eruptions: similar to those at Mt. Ontake in Japan (Yamamoto, 2014), and
Ruapehu, in New Zealand (Kilgour et al., 2010) involve different mechanisms (magma fluid injection,
hydrothermal sealing, etc.) and also larger volumes (~105 m®), durations, products and types of
confining rock. Another example of large hydrothermal eruptions is the Upper Te Maari eruption,
representing the more violent end-member case studied in this work (Figure 8). The eruption was
triggered by a landslide on the western flank that unroofed the hydrothermal system and produced
west- and east-ward directed blasts and a vertical ash plume. All explosions were accompanied by
ballistic ejection, some of which impacted NZ's most popular hiking trail and a mountain lodge 1.4
km from the source. The mapping and characterization of ballistics from the western, and most
impacted strewn-field, allowed identification of the main lithology groups. These could be traced
back to specific explosion-source locations in the vent region.

The main lithology types were used for rapid decompression experiments mimicking
hydrothermal explosions under controlled laboratory conditions. A special set-up was built to reduce
the influence of large lithic enclaves (up to 30 mm in diameter) within the samples. The experiments
were conducted in a temperature range from 250°C — 300°C and applied pressure between 4 MPa —
6.5 MPa in order to span the range of expected conditions below the Te Maari crater. Within this
range the rapid decompression of pre-saturated samples from both the liquid-dominated field and
the vapor-dominated field were tested. Additionally dry samples at the same PT-conditions were
used. Clasts were ejected with velocities of up to 160 m/s as recorded with a high-speed camera. The
resulting fragments were analyzed for their grain size distribution and lithology. Besides a few larger
clasts (in analogy to ballistics), a large amount of fine and very fine (<63 um) ash was produced in all
experiments. Using the westward (and most energetic) directed blast as a comparison, our results
suggest that the liquid-to-vapor (flashing) expansion is significantly more energetic (one order of
magnitude higher) than steam expansion, and far more likely to explain the eruption occurred at the
Te Maari. We estimate a minimum explosive energy for the western blast of 7x10'° to 2x10*%J. The
host rock lithology appears to control the explosion dynamics, and the energy partitioning. For the
investigated samples the ratio of fragmentation to explosive energy is 9.5 to 15.2%, whereas the
conversion ratio to kinetic energy is on the order of 0.02% up to 0.1%.
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Figure 7. Sketch showing the setting before and after the lake drainage (Montanaro et al., 2016). Profile across Gengissig,
based on kinematic GPS collected 12 days after the explosions (A). (B-D) Conceptual model of the hydrothermal explosions
evolution: lake drainage (pressure failure) and boiling initiation (B); hydrostatic, lithostatic and boiling point temperature
before and after lake drainage (C); explosion caused by clay layer failure and subsequent pressure release and progressive
downwards propagation of boiling front. See text for more explanation (D).
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In addition to the two case studies, an experimentally-based investigation of the influence of
liquid fraction and rock petrophysical properties on the steam-driven explosive energy was
conducted. For this study, a series of fine-grained heterogeneous tuffs from the Campi Flegrei
caldera were investigated for their petrophysical properties. Decompression experiments simulate a
scenario likely for a steam-driven eruption involving the shallow part of the hydrothermal system.
The rapid depressurization of various amount of liquid water within the rock pore space produced a
different fragmentation and ejection behavior for the investigated tuffs. Porosity and permeability of
the tuffs strongly affect the amount of available energy, whereas the rock strength has only shown a
secondary effect on the fragmentation behavior.

8. 6 - Conclusions

The findings of this study suggest that the pore liquid fraction and its physical conditions
(pressure-temperature) control the stored explosive energy: an increasing liquid fraction within the
pore space increases the explosive energy. Overall, the energy released by steam-flashing is
estimated to be one order of magnitude higher than for the solely (Argon) gas or steam expansion.
Additionally the decompression of liquids at an initial pressure and temperature close to their
boiling-point may result in a higher production of fine material already under partial saturation
conditions.

The lithologies investigated in this work (from loose sediments, to very heterogeneous tuff
breccias and agglutinates, and fine-grained tuffs) cover large spectra of porosity, permeability and
rock strength. These parameters control the energy storage, as well as its partitioning in the form of
fragmentation and particle ejection. Flashing of water in loose saturated sediments can produce
violent explosion even for small decompression events (e.g. lake drainage). Consequently craters of
tens-of-meter size can be generated and debris launched at significant distance (>100m).
Interbedded low permeability, clay-rich levels may account for the over-pressurization and failure of
the system, while the loose material can allow an efficient conversion of the explosive energy into
other forms. In the case of consolidated rock, the connected porosity relates to the amount of stored
energy, with higher porosities accounting for higher energies. The energy surplus in the presence of
steam-flashing leads to a faster fragmentation with respect to a solely gas-driven process. As a
result, higher ejection velocity may be reached by the fragmented particles. Low permeability rocks,
which do not allow pressure dissipation during the fragmentation process, maximises the amount of
produced fine. Additionally, at constant porosity weaker rocks generated more fine particles than
firmly cemented rocks. The fragmentation of very heterogeneous rocks, including low porosity clasts,
can create both a large amount of very fine material, together with larger fragments (analogous to
ballistics formation). Destabilization of a hydrothermal system with pressurized fluids hosted in such
a heterogeneous lithology, may produce extended ash plumes and (dilute) pyroclastic density
currents as well as widespread ballistic events.

The multidisciplinary approach (field, laboratory, theoretical, and seismic studies) has unravelled
the energetics of steam-driven eruptions and provided many estimates of parameters controlling
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their explosivity. These finding should be considered for both modeling and evaluation of the
associated hazard of steam-driven eruptions.
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Figure 8. Te Maari hydrothermal eruption: conceptual model of the fragmentation and ejection process during the westward
directed blast evolution (Montanaro et al., 2016). In the legend the ejection velocities refer to particles larger than 2 mm. In
this simplified model it is assumed that the tuff breccia and agglutinate (which differ in porosity and lithologic texture) used as
sample material for the decompression experiments are representative of the source rock. Type 4 refers to a block type
described in Breard et al., 2014, and originated from the fragmentation of the 1528 lava flow (an part of smaller recent lavas).
The length of the “Fragmentation Front” arrow gives an idea of the fragmentation speed in the different lithologies.
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Abstract

A series of decompression experiments were performed on analogue basaltic magmas, aimed to define the
effects of physical properties and decompression rate on degassing in basaltic eruptive systems, and the related
timescales of outgassing. As a proxy for volatile- and crystal-bearing magmas, we used Ar-saturated silicone oils
with different viscosities (1-1000 Pa s), loaded with different percentages of micro spherical glass beads (aspect
ratio ca. 1) or glass fibres (aspect ratio ca. 10). The rheology of both spherical- and elongated-particle-bearing
suspensions were characterized by concentric cylinder rotational rheometry. The flow dynamics of the bubbly
fluid, from nucleation up to the development of a permeable bubble network, were monitored through a
system of pressure sensors located at the top and at the bottom of the autoclave, and a video camera recording
at 25 fps. Different degassing regimes were identified and characterized as a function of the physical properties.
The experimental observations were related to the natural volcanic system through detailed a-dimensional
analysis.

Keywords: analogue, bubble dynamics, timescales, crystals, decompression

9.1 - Introduction

The exsolution of volatiles is a key-process in the lifetime of volcanic systems. Indeed, the gas
phase provides both the buoyancy force that drives magma ascent and the expansion force for
explosive activity, and therefore plays a major role in determining the eruptive style. The kinetics of
degassing might promote crystallization, modifying the rheology of magmatic fluids ascending
toward the surface. It is therefore not surprising the great amount of different techniques applied to
investigate the history of the gas phase in the conduit and determine the reciprocal role of the most
relevant parameters (i.e. P-T state, physical properties, ascent history) on the behaviour of volatile-
bearing magmas.
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Since the pioneering work of Sparks (1978), numerical studies (e.g. Proussevitch et al., 1993;
Barclay et al., 1995) provided important constrain on the dynamics of bubble nucleation and growth.
An important milestone in linking volcanic products at the surface with the system thermodynamic
state at depth was made by Toramaru (2006), who related bubble number density of the volcanic
samples to their decompression rate. Additionally, numerical models assessed the striking
importance of disequilibrium degassing in dynamically vigorous systems, and its effects on the
estimation of the fragmentation depth (Massol and Koyaguchi, 2005).

However, a wide knowledge on the relationship between the thermodynamic properties of the
volcanic system and the behaviour of volatiles derives from experimental studies, both on natural
melts and analogue materials. For instance, experiments performed on high-silica melts
demonstrated the fundamental role of decompression rate in determining the departure from
equilibrium degassing (e.g. Gardner et al., 2000; Mourtada-Bonnefoi and Laporte, 2004). On the
opposite side of the melt composition-spectrum, the evolution of bubbles in a synthetic volatile-
bearing basaltic glass was investigated by Bai et al. (2008) as a function of temperature at ambient
pressure.

The great advantage of analogue experiments is the possibility of a deeper control in the physical
properties and thermodynamic state of the system, allowing to draw a map of the reciprocal
relationships among different investigated parameters. Accordingly, a flourishing branch of
experimental studies is devoted to analogue volatile bearing fluids, in which nucleation takes place
during the experiment either by fluid decompression (e.g. Rivalta et al., 2013) or by chemical
reaction (e.g. Oppenheimer et al. 2015), or-alternatively- a pre-existing well-known bubble
distribution is present at the initiation of the experiments (e.g. Namiki and Manga, 2006).

In this report, we will summarize the results of a series of decompression experiments, listed in Table
1, performed on analogue materials, aimed to characterize the role of physical properties on
degassing behaviour of analogue basaltic samples.

The results of the experiments was published in Spina et al., (2016a, b), where additional
information can be found.

9. 2 - Experimental setup

9. 2.1 - Device for slow decompression of analogue samples

In order to perform slow decompression experiments under controlled conditions we developed
a dedicated shock tube setup (Spina et al., 2016a,b), composed by two units: i) a high-pressure
autoclave; ii) a low-pressure tank (Fig. 1). The former consists of a 20 cm transparent Plexiglas tube,
with an internal diameter of 2.0 cm. A cross-sectional variation in the diameter allows for the
insertion of the sample holder - a small Plexiglas cylinder, mounted over a steel platform and filled
with the investigated analogue mixture (silicone oil + crystals) up to 6.5 cm of height.

We monitored the pressure state of the system through two pressure sensors, located
respectively at the top of the autoclave, along the cylinder wall, and at the base, below the sample
holder and coaxially with the autoclave itself.
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The low-pressure unit is a cylindrical voluminous ambient pressure tank that allows for collection
of diaphragms fragments if rapid decompression is performed.

Saturation Saturation
Exp. Liquid Particle Saturation  Pressure/ | Exp.  Viscosity Particle Saturation  Pressure/
name Viscosity  content time Initial name (Pas) content time Initial
(Pas) -shape (hours) pressure -shape (hours) pressure
(% vol) (MPa) (% vol) (MPa)
1 1 0 72 10 15 100 3- 72 10
elongated
2 10 0 72 10 16
3 100 0 72 9,5 17
4 100 0 72 10 18
5 1000 0 72 10 19
6 1000 0 72 10 20
7 100 1- 72 10 21
spherical
8 100 1- 72 10 22 100 0 24 9
spherical
9 100 10- 72 10 23 100 0 24 8
spherical
10 100 20- 72 10 24 100 0 24 7
spherical
100 0 24 7/10
1000 0 72 10
5- 1000 0 72 10
spherical
14 100 0.3- 72 10 Modified from Spina et al., 2016a,b
elongated

Table 1. Overview of the experimental conditions. The light azure and azure colours indicate experiments performed in
diluted and semi-diluted regimes, respectively, whereas the dark blue colour stands for experiments performed in the
concentrated regime.

9. 2.2 - Saturation state of the system

In order to obtain fully saturated volatile-bearing analogue samples, Argon gas was injected in
the autoclave through a system of capillary tubes, under the control of a manometer, with a
maximum loading pressure of 10 MPa. Then, we sealed the system and kept it under control for 72
hours. Experiments #21 to #25 were saturated for a shorter amount of time (24 hours) at different
final pressure (from 7 up to 10 MPa) to determine the effect of saturation state.
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Figure 1. a) Sketch of the experimental setup, showing the high-pressure autoclave fastened below the low-pressure tank and
connected to the argon supply through a capillary system. b) Detail of the high-pressure autoclave (modified from Spina et al.,
2016a).

Fig. 2 shows the pressure state within the autoclave, measured via manometers after the sealing
of the system; laboratory conditions (i.e. temperature and humidity) were monitored simultaneously.
In order to define the amount of gas diluted into the sample we applied the single-chamber sorption
method (e.g. Lundberg, 1962).
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Figure 2. Pressure state of the experimental setup during saturation phase (e.g. #6). The solid line represents the decay in
pressure within the autoclave measured by manometers; the dotted line indicates the variation of the temperature in the
laboratory.

This technique is based on the evidence that the decrease in pressure -measured in a close
system during saturation- depends on the amount of gas moles diluted into the fluid. By using Wan
Der Waals’equation for Ar, we estimated a total amount of 0.0095 moles of Argon diluted in the
samples after 72 hours, corresponding to a mass fraction equal to 1.8 wt % (Spina et al., 2016a). No
relevant differences were observed in experiments with saturation time bigger than 72 hours,
therefore we assume this amount of time to be sufficient for allowing complete sample saturation.

9. 2.3 - Decompression of the system

A system of copper diaphragms (2-3 rupture discs) allows instantaneous decompression to be
performed under repeatable pressure conditions, whereas a dedicated valve system is used for slow
(ca. 0.025 MPas™) decompression rate. In the latter case, the decompression process lasts roughly
1000-1200 seconds (Fig. 3).

10
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-\ W #21
L] '3
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0 |
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Figure 3. Decompression curve of experiments performed after 72 hours of saturation at 10 MPa (#1-20 and #26, #27) and 24
hours of saturation at 10, 9, 8 and 7 MPa (experiments #21, #22, #23 and #24, #25, respectively). The grey area represents the
interval of video recordings (modified from Spina et al., 2016a).
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The dynamics of bubbly analogue fluid in response to the decompression is monitored through
the above-mentioned pressure sensors -recorded with a DAQ system from Yokogawa (WE7000)- and
by using an high-speed camera at frame rates of 25 fps. Low frames rate is justified from the
timescale of the observed phenomena. The recording of high-speed videos and pressure signals at
high frame rate is synchronized.

9. 2.4 - Analogue mixture and their properties

In order to reproduce the behaviour of volatile-bearing magmas we used silicone oil
(polydimethylsiloxane) as a proxy for basaltic melts. Two different types of particles were used to
mimic crystals with different shape (Fig. 4): glass beads (diameter=83 mm; density=0.794 g/cm®;
aspect ratio=1) and glass fibres (length= 149 mm; diameter=14 mm; density=2.55 g/cms; aspect
ratio=10). For both spherical- and elongated- particle bearing samples, different volume percentages
were used to investigate the diluted, semi-diluted and concentrated regimes (see colour code in
Table 1). Indeed, according to Mueller et al. (2010 and references therein), for spherical particles the
diluted and semi-diluted regimes are restricted to ¥ < 0.02 and f< 0.25, respectively. Conversely, for
a spheroidal particle with an aspect ratio of 10, the regimes are confined to f < 0.005 and f< 0.05,
respectively.

&0 :
aspect ratio: 1401 '
$ *|density: 0.7964 a) b)
+ 40|+0.0006 g/cm’
-E' - aspect ratio: 1045 |
s 20 density: 2.5574
=z o +0.0006 glem’

40 B0 B0 100 120 140 o 100 200 300 400
Length(um) Length(um)

C)

Figure 4. a, b Histograms of spherical and elongated particle length, respectively, measured on a population of more than 500
particles; c,d) Microscopic image of spherical and elongated particles.
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9. 3 - Rheological investigation of particle-bearing samples

The influence of solid loading on the viscosity of the mixture has been widely demonstrated by
several studies (e.g. Mueller et al., 2010; Mader et al., 2013). Therefore, we characterized the
rheology of our particle-bearing samples, by using a concentric-cylinder narrow-gap viscometer
(MCR502 from Anton Paar). The measurements were performed at temperatures of 21, 25 and 30 °C
and strain rates of 1, 5 and 10 s™. In the high concentrated regime (f equal to 0.40 and 0.33 for
spherical and elongated particle, respectively), measurements were performed at the additional
values of strain rates equal to 0.01 and 0.001 s to remove transient effects and avoid slippage along
the walls. The results of viscosity measurements are shown in Fig. 5, where we also report the best
fit curve obtained by using the model defined in Costa et al., (2009; for more information on the
model and on the best fit parameters see Spina et al., 2016a).
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Figure 5. Rheological characterization of particle-bearing samples. Blue, green and orange triangles and dots represent the
elongated and spherical particle-bearing measurements, respectively, performed at temperatures of 21, 25 and 30°C. The
best-fit curve obtained by applying the equation of Costa et al., (2009), using strain rates of 1s™ is shown (pink and yellow
lines for elongated and spherical particles, respectively; modified from Spina et al., 2016a).

The maximum packing fraction was experimentally determined after Cimarelli et al., (2011). We
added an excess volume of particles to the liquid; then centrifuged the samples and weighted the
remaining fraction of non-wet particle, from which we derived the amount of particles within the
fluid. The maximum packing fraction f,,, in our experiments is equal to 0.70 and 0.33 for elongated
and spherical particles, respectively (Spina et al., 2016a). Concerning spherical particle-baring
mixtures, the measured values are coherent with previous estimates f,,, =0.64, 0.68 reported for
sheared suspension (Mueller et al., 2010 and references therein) and predicted for a mono-disperse
population of spherical particles (Mader et al., 2013). The values of maximum packing fraction
obtained for elongated particle-bearing mixtures is coherent with the results of Cimarelli et al.,
(2011) but slightly lower than expected in Mader et al., (2013) for a mono-disperse population of
particles with aspect ratio of 10. We assume that such discrepancy is related to particle
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polydispersity or alternatively to sample inhomogeneity and/or sample preparation reproducibility
limits (Spina et al., 2016a).

9. 4 - Results

The evolution of the samples upon decompression was tracked by measuring the increase in the
height of the mixture, expressed as percentage of the original sample height at the beginning of the
experiments (Fig. 6). The following discussion summarize the result described in Spina et al., 2016a,b
where additional information can be found.

The decompressional response of the analogue mixture was characterized by three different
regimes that will be described in detail in sections 4.1, 4.2, 4.3, respectively.
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Figure 6. Comparison among degassing behaviour of experiments #1 to #25. The percentage increase in height of the mixture

is plotted against time. The zero-time correspond to the initiation of video recordings (ca. 70 s after the start of the
decompression; modified from Spina et al., 2016a).

9. 4.1 - Nucleation

Isolated bubbles are nucleated first at the outermost part of the sample. Indeed, nucleation is
favoured at the free-surface, inducing the development of a vertical gas profile in its wake. The
foaming at the top of the sample further steepens the concentration gradient, enhancing bubble
nucleation immediately below the foam layer. The pressure values correspondent to the appearance
of the smallest visible bubble (ca. 0.05 mm radius) for the 24 and 72 h experiments is in the range 3—
5 MPa and 4.4 to 6 MPa, respectively (i.e. slight tendency of nucleation pressure to increase with
saturation pressure and time). Upon decompression, the nucleation level migrates downwards.

Nucleated bubbles soon begin their ascent toward the surface, while growing radially (e.g. Fig. 7).
The growth rate increases during the decompression, ranging from 10° mm/s up to 10" mm/s for
bubbles nucleated at later stage. Lower values of ascent rate were measured in lower viscosity fluid
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(up to 10™ -1 mm/s, for experiments #2, #1, respectively). On the contrary, ascent rates of less than
10% mm/s were measured in higher viscosity fluids (#4 to #6). The intrinsic opacity of the particle-
bearing mixtures at high solid loading prevented observations on bubble nucleation. However, in
experiments performed in the diluted regime, it was still possible to notice a more pervasive
distribution of smaller bubbles nucleating at a pressure of roughly 6 MPa, and a deepening of the
nucleation level through time. The observed change in the bubble size distribution, here only
qualitatively assessed, is linked to the heterogeneous bubble nucleation (e.g., Hurwitz and Navon,
1994) favoured by particles loaded in the sample.

9. 4.2 - Foam build-up

Once several bubbles nucleate at the top of the sample, the ascent speed of the mixture
increases abruptly (Fig. 6, Fig. 7). We consider this stage to mark the beginning of foam build-up
phase. No foams developed in experiments #2 and #1, due to the ability of bubbles to escape quickly
from the mixtures and therefore no foam build-up was observed. For particle-free experiments we
measured the vesicularity (y) observed in video images at the initiation of foam build-up (ca. 200
seconds). y was computed by the ratio between the surfaces of bubbles versus the total area
interested by nucleation; the values of y are equal to 0.19-0.27 for #3 and #4 and 0.23-0.21 for #5
and #6, respectively. The obtained values of vesicularities are in accordance with the results of Bai et
al., (2008), where a value of 0.18 was defined to mark the initiation of an expansion-dominated
phase. We infer that such value of vesicularity marks the threshold above which bubble nuclei are
affected by the decrease in confining pressure related to the surrounding bubble swarm, and
consequently expand faster. The occurrence of an enhanced growth rate for bubble swarms rather
than for individual bubbles is coherent with numerical data (e.g. Proussevitch et al., 1993; Barclay et
al., 1995). It is noteworthy that similar relatively low values of vesicularity can be observed also at
very shallow level within the infill of basaltic conduits (Peck, 1978).

The starting time of foam build-up ranges from 200-250 s in pure liquid experiments to 60-130 s
in particle-bearing mixtures. The anticipation of the expansive ascent of the bubbly mixture in
particle bearing samples is likely to be a consequence of heterogeneous nucleation, that allows for a
higher gas volume fraction at earlier times. We additionally observed that the maximum gas volume
fraction depends strongly on the properties of the investigated materials (mainly on liquid viscosity
and particle content). This result is shown in Fig. 8, where sample viscosity is plotted against gas
volume fraction at the end of foam build-up (except for #1, #2, #12 and #20 were this value was
taken right at the end of the initial liquid expansion).
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200 s

Figure 7. Snapshots of # 6 picturing different stages during decompression of 1000 Pa s silicone oil. The zero time refers to the
initiation of video recordings (ca. 70 s after the start of decompression).
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Figure 8. Gas volume ratio of pure silicone oils (pink diamonds) and spherical (green square) and elongated (yellow dots)
particle-bearing samples versus sample viscosity at the beginning of the experiment. The error bars show the maximum error
on the computation of volume related to the convex shape of the fluid column (when not present, the error lies within the
data point; modified from Spina et al., 2016a).
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Gas volume fraction increases remarkably with the addition of particles (Fig. 8, Fig. 9). For
spherical particle-bearing experiments, we observe first an increase (up to f £10%) and then a
decrease of the gas volume fraction with viscosity (i.e. solid content). This dual role of particle
loading is coherent with studies performed in “bubble column reactors” (i.e. cylindrical vessels with a
gas distributor at the base), where a similar trend with local maxima at 0.20-0.30 (Mena et al., 2005)
and less than 0.10 (Bukur et al., 1990) have been found, respectively. Banisi et al., (1995) suggested
that small amount of fine particles, as well as large number of big particles tend to decrease
coalescence and therefore increase gas volume fraction. For elongated particle-bearing experiments,
this effect is still evident thought the dataset is relatively sparser, probably due to the settling of
denser particles during saturation phase. Finally, elongated-particle bearing experiments show a
decaying trend of the fluid level after reaching the maximum growth (except #20), that can be
described as an increased efficiency in degassing. This is likely related to the re-orientation of the
axis of elongated particle along the direction of the fluid, similarly to what observed in the field
(Ventura et al., 1996). Alternatively, particle flocculation (i.e. growth and segregation of fibre-
network) can produce the development of preferential path for gas escape. Indeed, when fibre mass
fraction is high the breakup of large bubbles and the formation of different gas—escape pathways -
active on a timescale of seconds to minutes- is expected (e.g. Tang and Heindel, 2005).

Figure 9. Snapshots of # 7 picturing different stages during decompression of 100 Pa s silicone oil bearing 1 vol % of spherical
particles. The zero time refers to the initiation of video recordings (ca. 70 s after the start of decompression; modified from
Spina et al., 2016a).
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9. 4.3 - Foam oscillation

Soon after the expansion of the mixture, the foam becomes dominated by coalescence, and
starts to oscillate cyclically around an equilibrium level in response to the balance between
outgassing and foam-renewal. In pure silicone oils, the outgassing takes often place through
individual large bubbles that rise to the surface and burst (e.g. Fig. 10). The duration of a complete
growth-and-fall cycle ranges between 10 and 150 seconds. The cyclical upraise of the sample front
was previously observed on a different range of timescales in other analogue systems upon
decompression (e.g. Taddeucci et al., 2006). Average shorter time-scales were measured for
particle-bearing experiments in the semi-diluted regime, likely in response to the increased bubble
breakup-coalescence due to the solid network. The relatively broad-distribution of cycle duration is
in agreement with the complex nature of foams (e.g. Neethling et al., 2005). In particle-bearing
experiments, we additionally observed an increase in the oscillation time-scale with elapsed time,
likely related to the hindering role of particles in redistributing the liquid involved in the precedent
bursting phases.

In both particle-bearing mixtures at high solid content (#12 and #20), the curves in Fig. 6 reveal
low ascent velocities and resemble a “stick-slip” behaviour, related to the damping effect of the
dense solid network. Stix and Phillips (2012) drew similar curves for high viscosity Gum Rosin
Acetone (GRA) samples.

Figure 10. Bursting of a slug-type of bubble at the surface of the foam.
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9. 5 - Scaling and application to natural systems

A fundamental step of the experimental investigations is defining the range of applicability of
experimental results to the fluid dynamics of the targeted system, and the eventual limitations of the
applied techniques in mimicking the investigated physics processes.

Given that in the shallow conduit the growth of bubbles is dominated by decompression rather
than by diffusion (Sparks, 1978), laboratory experiments where decompression prevails, as here, are
required to target the shallow feeding system. Depending on the eruptive style, decompression rate
<0.02 MPas ™ are expected for natural system (Fiege et al., 2014 and references therein). In particular,
according to Namiki and Manga (2006) for decompression rates of the bubbly column equal to 20—
200 Pas™, 2 x10* Pas"and >10°Pas™, effusive eruptions, explosive eruptions and fragmentation are
expected, respectively. Therefore, the decompression rate here investigated is suited to reproduce
the dynamic of effusive and explosive basaltic eruptions.

Nonetheless, it is important to remark that in our experiments we do not take into account the
effect of degassing-driven crystallization, but rather mimic a condition where the magma is aphyric
(in the case of the pure silicone oil) or a crystalline phase is present prior degassing (in the case of
particle-bearing experiments).

In order to quantify the extent of similarity of our experiment to the fluid dynamics of basaltic
volcanoes, we evaluated a set of non-dimensional numbers, accounting for the balance of forces (i.e.
inertial, viscous, surface tension, buoyancy and capillary forces) acting on each fluid volume (Table 2:
modified from Spina et al., 2016a). Reynold numbers were estimated for all the experiments and
found to be <<1 in accordance with the observation that the initial flow expansion below the
fragmentation level is laminar (Massol and Jaupart, 1999). Reynold, Edtvos, Morton bubble numbers
and Capillary number were evaluated for each experiment performed in the dilute regime during
bubble nucleation (phase I) and part of foam build-up (phase Il). Indeed, for volume fraction £<0.45
and Ca<0.3 the role of bubble on rheology is assumed to be weak to negligible (e.g. Manga et al.
1998; Lane et al., 2001). The comparison with natural estimates (e.g. Manga and Stone, 1994, Belien
et al., 2010, Del Bello et al., 2012, Moitra et al., 2013 and Nguyen et al., 2013) confirms the analogy
between the investigated laboratory system and basaltic volcanoes. The opacity of the mixture at
high solid content prevent to extend the scaling analysis to such experiments.

For higher gas volume fraction, few additional considerations are necessary. In fact, foams are
metastable time-varying system, with short-scale longitudinal and radial variation and for which no
rheological models are defined (e.g. Mader et al., 2013; LLewellin and Manga, 2005). Therefore, we
will not extend the non-dimensional analysis to the last phase, although given that the properties of
the natural and analogue bubbly fluid are evolving in the same direction during degassing, we
expected dynamic similarity to be valid also during phase Ill (e.g. Lane et al., 2001).
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Adimensional parameter Experimental Value Volcano-scale condition
-7 -5 3
R, = DPU /n 107-10 <10
<<l
-10 -3
Re, = PPoUp /n 10™-10
_ gbpDy?/ 10°-10" 10%<10°
Ey, = o
M, = gn4AP/ B8
° p*a 10%-10* 10210
10°-10" <«<1
Ca = nue/o'

Parameters list:
D=Conduit diameter, U= fluid velocity, h=fluid viscosity, r=fluid density, Up=bubble velocity, D,= bubble diameter, Dr=
absolute value of density difference between bubbles and fluid phase, s=surface tension, u.=expansion velocity.

Modified from Spina et al., 2016a.

Table 2. Comparison of experimental and natural fluid-dynamic conditions via non-dimensional numbers. The references for
volcano-scale condition are given in paragraph 5. The non-dimensional numbers were computed for pure silicone oils and
diluted particle-bearing experiments during phase | and initiation of phase II.

9. 6 - A taste of further implications: Integrating numerical and experimental
approaches

In order to investigate numerically complex physical variables, near-to-exact input parameters
are required. Nonetheless, it is part of the intrinsic nature of volcanic feeding systems to be not
accessible to direct observations. Therefore, experimental studies represent a unique opportunity to
validate numerical models of the plumbing systems, given the high degree of control on the physical
properties allowed by laboratory approach. At the lights of such considerations, we took advantage
of our set of decompression experiments to validate a complex multiphase, multicomponent
numerical code in the ©0penfoam framework, developed from the twoPhaseEulerFoam solver. In
order to reproduce the experimental conditions, the autoclave was represented by a bi-dimensional
rectangular grid with 9.3*10" cells containing: (i) a liquid mixture composed by silicone oil plus 1.8
wt % of diluted Argon (up to 6.5 cm) and (ii) Argon gas in equilibrium with the fluid below.

At the top of the modelled autoclave, we fixed outlet boundary condition for pressure, and we
used the decompression curve recorded by the upper sensor to describe the pressure history at the
outlet. Finally, a relaxation time-scale, namely ¢ for gas exsolution was derived from:

(1)
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where G, represents the mass fraction per unit volume and time of Argon gas passing from liquid
phase to gas phase, whereas x, 1, X*%; are the mass fraction excess and mass fraction at equilibrium
of gas in the liquid phase, respectively. Two sets of simulations have been performed using 100 Pa s
and 1000 Pa s silicone oil fluid as references, and by varying systematically the value of &,;. Our
results show that experimental decompression are far from the equilibrium degassing for both fluids.
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Figure 11. a) Numerical results of simulations performed at 100 Pa s, showing the curve for equilibrium degassing (black solid
line; tau <10), the experimental curve (blue line, # 4) and the best fit curve (azure line; tau 1500 s); b) Numerical results of
simulations performed at 1000 Pa s, showing the curve for equilibrium degassing (black solid line; tau <10), the experimental
curves (dark and light green lines, #6 and #26, respectively) and the best fit curve (grey line; tau 1300 s).

This evidence is strikingly important, given that in most cases it is assumed that the effect of
higher diffusivity and lower surface energy of mafic melts allows for an efficient exsolution (i.e.
Mangan et al., 2004), thus preventing disequilibrium effects.

9. 7 - Concluding remarks

Decompression experiments performed on analogue basaltic samples (Argon-saturated silicone
oil plus particles) allowed to quantitatively constraining the effect of physical properties on
degassing in shallow basaltic systems.

i.  Upon decompression, different regimes were characterized: (i) bubble nucleation, (i.e. the
appearance of isolated bubbles at the top of the sample); (ii) foam build-up, (the abrupt fast
expansion of bubbles as they approach to develop a foam); (iii) foam oscillation (cyclic
repetition of foam outgassing and renewal).

ii.  The presence of particles, even at volume percentages as low as 0.3-1 %, affect strongly the
degassing behaviour by inducing heterogeneous nucleation. In particle-bearing mixtures, we
observed halved time for foam-build up, whereas the maximum gas volume fraction is more
than doubled in comparison to pure silicone oils samples at the same viscosity.
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iii.  The amount of solid content plays a dual role: at low volume percentage (<10 %), the
maximum gas volume ratio increases with solid content, due to the increase in available
nucleation sites. Above this threshold, we observed a relative decrease in the maximum gas
volume ratio, possibly linked to the bubble coalescence and break-up favoured by solid
network.

iv.  The shape of particles affects the dynamics of degassing on a long-term basis. Indeed,
provided enough time for rearrangement of the particle network (e.g. through particles re-
orientation and/or flocculation), elongated particles increase the efficiency of degassing.

v. Experimental results were used to validate a complex multiphase multicomponent
numerical code developed in Openfoam framework. The results of the numerical simulation
show that the assumption of equilibrium degassing might be oversimplifying, also when
modelling low viscosity fluid (<1000 Pa s) and relatively low decompression rates (0.025
MPa s'l).
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Abstract

Strombolian volcanic activity, one of the most common on Earth, results from the burst of large gas pockets
(slugs) following ascent through relatively low-viscosity magma within the volcanic conduit. However, this
paradigm was forged when the complex rheology of the magma at Stromboli, the model-type volcano for this
activity, was still poorly constrained. Textural and petrological evidence has recently suggested the presence of
viscous, degassed magma layers in the upper portion of the conduit at Stromboli. This layer acts as a plug,
through which slugs burst, controlling the eruptive dynamics. To date, little has been done to integrate this
scenario into current models of volcanic eruptions and interpretation of geophysical signals. This study
investigates slug ascent through a rheologically stratified magma column using analogue laboratory
experiments, numerical modelling and 3D computational fluid dynamic simulations. The results illustrate (1) the
range of slug flow configurations that develops in a rheologically stratified column, (2) the relevance of such
configurations to Strombolian-type volcanoes, and (3) the key parameters controlling the transition in flow
configurations. Each identified configuration encompasses processes affecting slug expansion and burst: for
example, dynamic narrowing and widening of the conduit, instabilities along the falling liquid film and slug
break-up. These complexities lead to variations in eruption magnitude and style; furthermore, the presence of a
plug seems to be a pre-requisite for the generation of eruptive pulses observed in single explosions at
Stromboli.

Keywords: Slug flow, Strombolian eruptions, eruption dynamics, analogue experiments, Taylor
bubble.

10. 1 - Introduction

Strombolian eruptions are relatively mild, impulsive releases of gas and pyroclasts, typically
lasting a few to tens of seconds and ejecting a gas-particle mixture to several tens to hundreds of
metres in height (e.g. Houghton and Gonnermann, 2008; Cashman and Sparks, 2013; Taddeucci et
al., 2015). It is now generally accepted that the explosions result from the arrival and burst of large
gas pockets (slugs) at the surface of a relatively low-viscosity magma (Houghton and Gonnermann,
2008; Vergniolle and Gaudemer, 2015). This paradigm is supported by a large body of literature
concerning the general mechanism behind Strombolian explosions and the parameters determining
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the changes in eruptive dynamics (e.g., Vergniolle and Brandeis, 1996; Houghton and Gonnermann,
2008; James et al., 2009; Del Bello et al., 2012; Lane et al., 2013). Most work investigating the ascent,
expansion and burst of slugs in rheologically uniform media and only very few studies investigated
these processes in a rheologically stratified magma (Del Bello et al., 2015). However, the model of
ascent and burst of unimpeded slugs cannot explain recent field observations and textural data.
Petrological studies have established that the magma in the shallower part of the conduit is
degassed, crystalline and more viscous, and that mingling between magmas may occur within the
conduit (e.g., Lautze and Houghton, 2005, 2006; Colo et al., 2011; Gurioli et al., 2014). Imaging
studies showed a clear pulsatory behaviour in a single Strombolian explosion, likely related to
successive pressure release pulses and sub-pulses (e.g., Taddeucci et al., 2012; Gaudin et al., 2014).
The instabilities that may be responsible for this kind of pulsatory behaviour, however, are also
difficult to explain with the canonical Strombolian paradigm. These evidence shed doubts on the
fluid-dynamical view of the conduit dynamics.

This study challenges the assumption of a rheological uniform magma column, providing insights
into the role played by an upper viscous layer at the top of the conduit (a “plug”) on the eruption
dynamics. We investigated the scenario of a gas slug ascending through a rheologically stratified
magma column using first-order analogue laboratory experiments, numerical modelling and 3D
computational fluid dynamic simulations. Through laboratory experiments, we identified the
different flow configurations that can develop in association with slug flow in a rheologically
stratified conduit. Then we developed an experimentally-validated 1D model, supported by 3D
computational fluid-dynamics simulations, to illustrate the relevance of the identified configurations
to Strombolian-type volcanoes. Finally, we explored the possible role of the identified flow
configurations on Strombolian eruptive processes (Capponi et al., 2016).

10. 2 - Methods

We investigated the processes of gas ascent, expansion and burst in a layered system with an
experimental apparatus comprising a 3-m-high tube filled with a column of Newtonian oil (silicone
oil AS 100, viscosity i = 0.1 Pa s, density p = 990 kg/m>) overlain by a variable thickness layer of
higher viscosity oil (castor oil, p = 1 Pa s, p = 961 kg/m3; Fig 1). Layer thickness was non-
dimentionalised as a function of the tube diameter, D: ~2.5 (1D), ~5 (2D), ~12.5 (5D), ~25 (10D) and
~50 (20D) cm. We carried out the experiments under reduced ambient pressure P, (3 £ 0.1 kPa, 1 £
0.1 kPa and 300 + 0.1 Pa) to scale for gas expansion (James et al., 2008) and injecting volumes of air
(Vo) of 2, 4, 6, 8, 10, 17, 24, 32 and 49 £ 0.1 ml at the base of the tube. Each experiment was imaged
with a Basler acA2000-340km high-speed camera at a frame rate of 300 + 0.1 fps (Capponi et al.,
2016).

To extend our 1D numerical model to volcanic-scale, we considered an idealised volcanic system
with a 200-m-high magma column filling a conduit of radius 1.5, 2 or 2.5 m, covering the range of
values appropriate to Stromboli (Taddeucci et al., 2012; Gaudin et al., 2014). Magma viscosities
ranged between 10-50 kPa s and 50-500 Pa s, and densities of 1300 kg/m3 and 900 kg/m3(GurioIi et
al., 2014), for the plug and the underlying magma respectively (Capponi et al., 2016).
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Figure 1. The experimental apparatus comprised a 3-m-high vertical tube, with a diameter D of 0.025 m, connected to a
vacuum chamber and a gas injection system. Each experiment was imaged with a high-speed camera at 300 fps.
10. 2.1 - Scaling considerations

A well-established parametrization exists for describing the behaviour of an ascending, constant-
length slug in a tube filled with a liquid, through a series of dimensionless numbers (e.g., White and
Beardmore, 1962; Wallis, 1969; Seyfried and Freundt, 2000).

4
The Morton number, Mo = %3, where g is the gravitational acceleration, 4 and p the viscosity
and density of the liquid, and o the surface tension, represents the ratio between the viscous and

2
surface tension forces. The E6tvés number, Eo = %, where D is the internal diameter of the

conduit, represents the ratio between buoyancy and surface tension forces. For Mo > 10° (Seyfried
and Freundt, 2000) and Eo > 40 (Viana et al., 2003), surface tension plays a negligible role (e.g.,
Seyfried and Freund, 2000; Llewellin et al., 2012), and the ascent of a slug is controlled by the inverse
viscosity N¢. Thus, Morton and E&tvés numbers can be combined to eliminate o and derive N¢:

_ [EQ°1+ _p
N =[5 ] =2 \Bgr? ®
where r. is the pipe radius.

For the idealised volcanic scenario, fluid properties and conduit geometries give N ~0.42 to ~4.55
for the plug and ~29 to ~630 for the magma beneath the plug (Table 1). These values lie in regions of
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the flow regime where the slug behaviour is controlled by viscosity in the plug, and by inertia with
viscous contributions in the fresh magma (e.g., Ns = ~1.6 for a magma u = 20 kPa s, p = 1300 kg/m3
and N = 150 for a magma u = 150 Pa's, p = 900 kg/m®, with a conduit radius r, = 2 m; Table 1). For
the experimental tube diameter D = 0.025 m, we obtain N; values of ~12 and ~122 for the castor oil
and silicone oil respectively. These values give slug ascent under dominant viscous control in the
plug, but with a significant degree of inertial contribution within the liquid beneath the plug (e.g.,
White and Beardmore, 1962). Thus, both system lies in the same regimes during the active flow
processes (Capponi et al., 2016).

Dimensionless parameters Silicone ail Castor oil Fresh magma Plug
Viscosity (Pas) 0.1 1 150 20000
Density (kg/m®) 990 961 900 1300
Conduit diameter (m) 0.025 2
Inverse viscosity, N¢ 122.57 11.89 150.34 1.62
Froude number, Fr 0.31 0.108 0.317 0.016
Film cross section A’ 0.41 0.52 0.39 0.55
Dimensionless film thickness, A” 0.41 0.527 0.394 0.544
Slug radius (m) 0.0096 0.0085 1.55 1.35

Table 1. Comparison between experimental and volcano-scale parameters

For the 1D model, slug base ascent velocity, vs, is evaluated using the dimensionless relationship
from Wallis (1969), where v; is expressed as v, = Fr,/gD, where Fr is the dimensionless Froude

4571071
number, given by (Viana et al., 2003; Llewellin et al., 2012): Fr = 0.34 [1 - (311\]&) ] .
f

The experimental injected volumes are non-dimentionalised to give the dimensionless gas slug
volume through the number V, (Del Bello et al., 2012), expressed as V, = V, 22

& nrZp,

where V, is the volume that the slug would have at ambient pressure. Finally, the dimensionless
thickness of the falling film A” (A" = A/r) is determined from N, (Llewellin et al., 2012):

A = (0.204 + 0.123 tanh(2.66 — 1.15log,, Nf))7. 2

10. 3 - Flow configurations

For the liquids properties and tube geometry, experiments have shown that the flow can be
organized in three main flow configurations, bracketed by end-member scenarios of a tube filled
with either high- or low-viscosity liquid: Configuration 1 — Thick Plug, Configuration 2 — Medium plug
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and Configuration 3 — Thin Plug (Fig. 2; from now on referred as Configuration 1, Configuration 2 and
Configuration 3; Capponi et al., 2016).

Low-viscosity | High-viscosity

Single viscosity Configuration 1 Configuration 2 Configuration 3 Single viscosity
(high-viscosity) (low-viscosity)

[ ]

a b! C d | e

Figure 2. Conceptual sketches of a conduit filled with (a) high-viscosity and (e) low-viscosity liquid representing the
configuration end-members bracketing three main flow configurations: (b) Configuration 1 — Thick Plug, (c) Configuration 2 —
Medium plug and (d) Configuration 3 — Thin Plug, where a thin layer of low-viscosity fluid is formed on top of the high-
viscosity one (reproduced from Capponi et al., 2016).

10. 3.1 - Single-viscosity

The two single-viscosity end-member scenarios can be interpreted as an infinitely tick (i.e.,
conduit fully filled with the high-viscosity liquid) or thin (i.e., conduit fully filled with the low-viscosity
liquid) plugs (Fig. 2a, ). Here, a slug rose, expanded and elongated surrounded by a falling liquid film
(James et al., 2008; Lane et al., 2013; Del Bello et al., 2015; Capponi et al., 2016). The slug burst when
all the liquid head above it has flowed into the falling film, except for a thin layer forming a meniscus.
When ascending in a low-viscosity liquid (Fig. 2e), the slug occupied almost all the cross sectional
area of the tube, surrounded by a thin falling film of liquid. At burst, the meniscus ruptured, and its
remnants were dragged upward by the released gas. For a high-viscosity liquid, the slug ascended
with a lower velocity, surrounded by a thicker falling film, thus the area of the tube occupied by the
slug decreased, while its length increased. The rate of gas expansion was slower, leading to a slower
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acceleration of the liquid surface. At burst, the meniscus rupture was slow, without the ejection of
any droplets (Capponi et al., 2016).

10. 3.2 - Configuration 1 — Thick Plug

In a layered system in which the plug volume was greater than the slug volume, a steady slug
flow was established in both the low- and high-viscosity liquids (Fig. 2b), with a transitional period as
the slug moved between the fluids. As the slug ascended in the low-viscosity oil, gas expansion drove
an intrusion of low-viscosity liquid into the plug. The intrusion displaced and spread the high
viscosity liquid along the tube wall, forming a viscous annulus around it, which thickness was
thinnest at the plug base; thus the annulus acted effectively as a diameter reduction (Fig. 3a). As the
slug nose reached the plug base and entered the annulus, first it used the intrusion as pathway
through the plug and then, at some point, it moved from within the low-viscosity intrusion to within
the plug liquid. As soon as the slug base was in the plug, the entire slug volume was fully
accommodated by the plug (Fig. 3a). As result of the higher viscosity, the falling liquid film around
the slug thickened and the slug ascent velocity was drastically reduced. At burst the rupture of the
viscous meniscus was slow with very few droplets ejected along the tube (Capponi et al., 2016).

10. 3.3 - Configuration 2 — Medium Plug

If the plug volume cannot accommodate both the intrusion and the slug volumes, then the slug
will burst with its nose within the plug, whilst its base is still in the low-viscosity liquid. Gas expansion
drove a greater amount of liquid into the plug compared to Configuration 1, and again the slug used
it to ascend through the plug, with only the nose moving from the intrusion to the plug liquid before
burst (Fig. 3b). The area of the tube occupied by the slug further decreased because, once ascending
through the plug, the slug was surrounded by both a low- and high-viscosity liquid film (Fig. 3b). At
burst, the rupture of the meniscus was fast with droplets ejected along the tube (Fig. 3b; Capponi et
al., 2016).

10. 3.4 - Configuration 3 — Thick Plug

Gas expansion is sufficiently large to drive the intrusion right through the plug, emplacing a layer
of low-viscosity liquid above the plug. The base of annulus represents then a dynamic restriction of
the conduit diameter, while its top creates a widening (Fig. 3c). As the slug nose passed through the
widening, it accelerated causing a rapid drainage of the liquid head above the slug that accumulated
at the top of the plug. Instabilities started to propagate around the falling film along all the slug
length, mixing with the annulus. At the top of the plug, if liquid accumulation was excessive, a liquid
neck formed around the slug, generating partial blockages of the slug path. When the neck closed
completely, it led to slug break-up. This resulted in a pulsatory release of the gas (Fig. 3c; Capponi et
al., 2016).
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Figure 3. Still frames and interpretative sketches from selected experiments representative of (a) Configuration 1, (b)
Configuration 2, and (c) Configuration 3 are shown (reproduced from Capponi et al., 2016).
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10. 4 - 1D model

To define the observed configurations at volcano-scale, a new 1D model has been developed. The
conduit geometry is simplified as a cylindrical tube filled with two liquids with different properties,
and an ascending cylindrical slug (Fig. 4; e.g. Vergniolle, 1998; James et al., 2008; James et al., 2009;
Del Bello et al., 2012; Capponi et al., 2016). A second assumption is that inertial forces are neglected.
These are important when large rates of gas expansion are involved but expansion rates will be
reduced by the presence of the plug and the model stops as soon as the slug nose arrives at the plug
base. So expansion will be slightly overestimated but for a model aimed only to the definition of the
configurations this is a suitable simplification (Capponi et al., 2016).

High-viscosity

liquid (plug) geometrical parameters

ambeent pressune
initial bubble pressure
bubble pressure

Ps
B Py
Low-viscosity P
Le initial bubble: length
L
h
h

ligquid

bubble kength
initial higight of low-viscosily liquid above the slug
indtial height of the plug
[ 1 haaghit of low-viscosily liquid above the bubble
hz height of low-viscosity intrugion
h fy depth from the plug top to the intrusion
vl depth from the bubble base to the tube base

ro tube radius
P:'tl ru bubble radius
II n wiscous annules radius
e intrusion radius
My h viscosity of the liquid beneath the plug
P, [ plug viscosity )
h =] L /M low-viscosity liquid density

| P2 plug density

5

LA

7|

[=]

t=0
Figure 4. The 1D model geometry (reproduced from Capponi et al., 2016).

The slug is represented as a cylinder of length L and constant radius rs, ascending in a vertical
tube of radius r (Fig. 4). Above the slug, we consider a column of low-viscosity liquid (viscosity y,
density p;, height h;) overlain by an uppermost section of more viscous liquid, representing the
viscous plug (viscosity ,, density p,, radius r, and height h;). Between the low-viscosity liquid and
the plug we consider the intrusion of low-viscosity liquid into the high-viscosity plug to form the
annulus (viscosity 1, density p,, length h, and radius rg = r; — rp, where ry is the thickness of the high-
viscosity layer against the tube wall which forms the high-viscosity annulus). Due to the evolving
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nature of the annulus, r, will vary in space and time. Consequently, in order to provide a
characteristic first-order estimate in our straightforward model we assume a thickness as for a falling
film surrounding a slug, which can be given as a function of the inverse viscosity, N (equation 1;
Llewellin et al., 2012; Capponi et al., 2016).

As initial conditions we impose the height of the low-viscosity liquid above the slug nose, k3, the
height of the plug, hj, the initial (magmastatic) bubble pressure, P, = pg(h; + h3) + P,, the slug
length, Lo, and radius, rs = r. — A, calculating A, the thickness of the low-viscosity falling liquid film, by
using equation (2) for the low-viscosity liquid (Capponi et al., 2016).

For constant velocity of the slug base, v, at any time, t, hy is given by:

hy = (Lo —L) —vst+ Ry 3
The intrusion volume can be equated to the gas expansion, thus we express h; as:

h, = —A(Lo — L) (4)
where 4 = :ii Conservation of volume for the plug liquid yields:
®

7TT'CZ (h3 + hz) - nrdz,hz = ﬂrczhg (5)
Simplifying and substituting for h,, hycan be expressed as:

hy = h3 + (Lo — L)(A — B) (6)
where B = :iz

The gravitational force and the force on the liquid column above the slug due to the pressure
difference between the slug and the surface is given by F, = —nr?phg and F, = nr*(P — P,)
respectively, where p and h are respectively the density and the height of the involved liquid, and g
is the acceleration due to gravity. If the slug behaves like a perfect gas and adiabatic expansion, then
PV¥ = constant (where y is the ratio of specific heat), and F, with constant radius and pressure P, at t
=0, can be expressed as:

F, =nr2(PLYL™Y — P,) 7

Finally, assuming no-slip conditions at the wall, and that the liquid flow is equal to the volume
flux controlled by the gas expansion, Poiseuille law gives the viscous force for a laminar flow in a
cylindrical pipe:

F, = —8muhLB (8)
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Equating the pressure force with the sum of the gravitational and viscous forces for the low-
viscosity liquid column above the slug, the low-viscosity liquid intrusion, and the plug, and
simplifying and substituting for both h, and hs, we obtain:

L= {=glp:(hy — ALy — L))] - g[pz(hé + (Lo —L)(A - B))] + (POL}(,)L_Y — POY{87% [ughy +

—2
2T

#a [hs + (Lo — LY(A = B)]1 + 81 7 [~ A(Lo — DI} ©)

Equation (9) is solved in Matlab using a Runge-Kutta formula and the model stops when either
the intrusion breaches the plug surface, hs = 0 (i.e., Configuration 3) or when the slug reaches the
plug base, h; = 0. In this latter case it will define the flow configuration occurring in the conduit
calculating and comparing the volumes of plug, slug and liquid intrusion, determining if there is
sufficient plug material to fully accommodate the slug volume (i.e., Configuration 1), or not (i.e.,
Configuration 2; Capponi et al., 2016).

When applied to the idealised volcanic scenario, the model illustrates the relevance of the
identified configurations to Strombolian-type volcanoes. Which configuration operates is a function
of gas mass, plug thickness, viscosity and conduit radius. The configuration diagrams (Fig. 5) do not
change within the range of viscosity 50-500 Pa s for the magma beneath the plug, suggesting that
the underlying magma acts simply as a mean to deliver the slug into the plug. In contrast, plug
viscosity and conduit radius matter: increasing either plug viscosity or conduit radius, the size of the
Configuration 3 domain (dashed lines for plug viscosity of 10 kPa s) decreases. Also, the same gas
volume can lead to the different configurations, implying that vents of different radius or
characterized by plugs with different properties (or both) could erupt with different styles (Capponi
etal., 2016).
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Figure 5 Flow configurations forecast by the 1D model for an idealized volcanic scenario are shown, for a plug viscosity of 10
kPa s (dashed lines) and 50 kPa s, and as function of initial gas volume/mass (m? kg), plug thickness (dimensionless), magma
viscosity (50-500 Pa s) and volcanic conduit radii of 1.5 (left), 2 (middle) and 2.5 (right) m; the configuration distribution is
insensitive to the viscosity of magma beneath the plug within the limit 50-500 Pa s (modified from Capponi et al., 2016).
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10. 5 - 3D computational fluid dynamics simulations

To support the applicability of the 1D model to a volcanic-scale scenario, 3D computational fluid-
dynamics (CFD) simulations have been carried out using the commercial software package Flow3D
(James et al., 2008; Chouet et al., 2010; Del Bello et al., 2015; Capponi et al., 2016).

Simulations were carried out both at laboratory-scale, to validate the CFD model with
experimental data, and at volcano-scale, to explore the applicability of the fluid-dynamics observed
in the laboratory to a volcanic scenario. In both cases, above the liquid surface there was no gas, and
the gas slug was modelled as a continuous void region (i.e., contains no mass) governed by the
equation PV¥ = constant. We modelled the experimental tube and the volcanic conduit as vertical,
rigid (no elastic deformation) cylinders, closed at their base. The low-viscosity liquid and the high-
viscosity layer (either magmas or silicon/castor oil) were modelled as incompressible Newtonian
liquids with a temperature-dependent viscosity. The liquid column was divided in two distinct
temperature regions. A high-temperature region covered either the silicone oil or the low viscosity
magma, from the base of the cylinder up to the base of the high-viscosity layer; the second region,
defined the high-viscosity layer, covering all its height. To reduce the effect of heat transfer across
the magma column that could lead to a gradual variation in the viscosity, we imposed a thermal
conductivity of 10°wm'k! (Capponi et al., 2016).

Selected laboratory experiments were modelled, covering the range of experimental pressures
and gas volumes. The same experimental conditions (apparatus geometry, injected slug volumes,
experimental ambient pressures and thickness of the plug) were recreated. Simulations at volcano-
scale represented a 300-m-high volcanic conduit, of diameter 3 m, filled with a 200-m-high column
of magma. Viscosity values ranged between 20 and 1000 Pa s for the magma beneath the high-
viscosity layer and between 1 and 20 kPa s for the viscous layer. The selected ranges give N¢ = ~732-
~14 for the low-viscosity magma, and N¢ = ~2.1-~1.05 for the viscous layer (Capponi et al., 2016). The
simulations were initiated considering a slug, represented as a cylinder of length L, and radius rs, at
the bottom of the conduit (or pipe). When modelling experimental volumes, L, and rs were derived
from the mass of gas injected in the apparatus. For volcanic slugs the initial volume of the slug was
scaled for the volcanic case through the dimensionless parameter V.’ (Del Bello et al., 2012, 2015;
Capponi et al., 2016).

The results of 3D CFD simulations at laboratory-scale compare well with the experimental
observations in terms of burst dynamics, generation of flow instabilities and slug disruption (Fig. 6
upper panel). At volcanic scale, simulations reproduced the observed phenomena in terms of burst
dynamics, slug disruption and flow instabilities (Fig. 6 lower panel). Furthermore, simulations
showed that the same gas slug expanding and bursting in each flow configuration at volcanic scale
led to differences in burst dynamics. Configuration 1 was characterized by a slow fragmentation of
the viscous meniscus above the slug, and almost no pyroclasts ejection. A faster fragmentation of
the magma meniscus atop the slug, ejecting particles up to tens of meters above the burst point, was
observed in Configuration 2. In contrast, Configuration 3 showed a range of styles depending on slug
volumes and plug properties, with the burst process characterized by dynamics common to both
Configuration 1 and 2. ejection of material above the burst point but at heights inferior to
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Configuration 2 that collapsed back in the conduit, creating partial blockages and causing the
disruption of the slug into smaller pockets of gas (Capponi et al., 2016).

Simulations also corroborate the role of the viscosity of magma beneath the plug, apparently not
important for the determination of the pre-burst configurations; however, it seems to have an
important role in controlling the burst and post burst processes. Indeed a lower viscosity magma,
compared to a higher viscosity one, drained faster after burst on the conduit walls and the annulus,
creating dynamic partial or complete blockages of the slug path. These blockages led to a pulsatory
release of the gas, and, when the slug was disrupted, to formation of offspring bubbles that burst
sequentially. So, the viscosity of the magma beneath the plug seems unimportant during slug ascent,
but can promote the pulsatory behaviour at burst (Capponi et al., 2016).
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Figure 6. Still frames comparing a laboratory experiment and 3D CFD simulation for a 10 ml slug (Upper panel; P,=3 kPa, plug
h = 12.5cm). Note how the CFD simulation reproduced experimental observation well. (Lower panel) Still frames from a 3D
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10. 6 - Implications for Strombolian eruptions

This study challenges one of the main simplifications in current modelling of Strombolian
eruptions, the assumption of a rheologically uniform magma column. The experimental and
numerical approaches presented here allowed identification of (1) a plausible spectrum of slug flow
configurations possible within a rheologically stratified column, (2) configuration relevance to
Strombolian-type volcanoes, with an emphasis on Stromboli volcano, and (3) constraints on the
parameters controlling configuration transition.

For a particular conduit radius, which configuration operates is a function of gas mass, plug
thickness and viscosity. Configuration seems insensitive to the viscosity of the underlying magma
that can be considered mainly as a means of delivering the slug into the plug. In contrast, decreasing
plug viscosity increases the size of the C3 domain (Fig. 5, dashed lines). Also, conduit radius has a
strong influence on configuration transitions, with the Configuration 1 domain increased with
increasing radius (Fig. 5; Capponi et al., 2016).

Both experimentally and numerically, it seems that the presence of a plug always leads to a more
vigorous burst compared to an unplugged scenario. Previous models of single-viscosity systems
demonstrated how slug overpressure varies with the thickness of the falling film, A, controlled in turn
by magma viscosity (James et al., 2009; Del Bello et al., 2012). Film thickness plays an important role
in a plugged conduit as well, where it strongly depends on which flow configuration operates in the
conduit. Furthermore, the presence of the plug itself modifies gas overpressure during slug ascent in
the lower viscosity liquid, by hindering gas expansion. Therefore, the final overpressure at burst will
depend on how much the plug hinders slug expansion during ascent and how thick is the film
surrounding the slug at burst. The same initial gas volume in a low-viscosity liquid (thin film) will
burst with a lower overpressure compared to in Configuration 1, where 1) the slug is surrounded by
a thicker film, and 2) the slug overpressure increased while ascending in a low-viscosity liquid due to
pressurisation of the conduit below the plug: the greater the plug thickness and viscosity, the more
pressure can be retained, leading to a more vigorous when released at burst (Capponi et al., 2016).

Within Configuration 2, gas expansion drove a greater volume of low-viscosity liquid into the
plug, generating a low-viscosity channel enclosed within the viscous annulus used by the slug to
ascend within the plug. Therefore, the slug is surrounded by a complex and thicker “double” falling
film, resulting in increased slug lengthening to accommodate gas expansion, opposed by the
presence of the un-intruded plug above, and enhancing the generation of overpressure (Capponi et
al., 2016). In Configuration 3, gas expansion is sufficiently large to intrude the low-viscosity liquid
through and above the plug, removing its capping effect and allowing the slug to expand freely,
consequentially reducing slug overpressure compared to Configuration 1 and 2. Furthermore, the
partial constriction of the tube and the gas slug break-up into smaller pockets produced multiple
bursts and modulation of the gas release within Configuration 3 (Capponi et al., 2016). For
Configuration 1 and 3, the differences in the associated acoustic amplitudes identified by Del Bello et
al. (2015) corroborate the role of different flow configurations on slug overpressure. Indeed, for the
same initial gas volumes, all their plugged experiments, that now we can categorize as Configuration
1 or 3, showed a greater acoustic amplitude and an increase in slug overpressure with respect to the
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unplugged (single-viscosity) experiments, with slugs bursting in Configuration 1 characterized by a
greater increase in acoustic amplitude compared to slug bursts in Configuration 3 (Del Bello et al.,
2015; Capponi et al., 2016).

Models of Strombolian eruptions based on single-viscosity systems give correlations between
initial slug volume, burst pressure and magma viscosity, and have been used to parameterise
theoretical transitions between passive, transitional or explosive regimes at Stromboli (James et al.,
2009; Del Bello et al., 2012; Lane et al., 2013). At Stromboli, trends in infrasonic and seismic signals
have been associated with the varying eruptive activity and different vents (e.g., Ripepe and
Marchetti, 2002; McGreger and Lees, 2004; Chouet et al., 2008), with acoustic measurements used
to infer erupted gas volumes at atmospheric pressure of 2-2 x 104 m> (0.5-3000 kg) for normal
Strombolian activity, and 50-190 m® (10-30 kg) for gas puffers (Harris and Ripepe, 2007). If a dual-
viscosity system is in place, such relationships will need to be reassessed due to the different and
potentially varying pre-burst flow configurations associated with the same range of gas masses (Fig.
5), and linking field results to fluid dynamic models will be further complicated (Capponi et al., 2016).

10. 6.1 - Pulsatory behaviour

At Stromboli, Gaudin et al., (2014) related individual pyroclast ejection pulses to successive
pressure release pulses and sub-pulses of duration between 0.05-2 s and an average pulse rate of 7
pulses per second, with a minimum of 3 up to 120 pulses per eruption. As a general trend, the
greater the number of pulses and sub pulses, the longer the explosions, with greater gas masses
involved (Gaudin et al., 2014). Although no formal scaling exists for this process at laboratory scale, it
correlates with the trend observed first in our experiments, then in the CFD simulations at volcanic
scale. Experimental observations show that the greater number of secondary bursts (pulses),
followed by sub-pulses generated by the burst of secondary gas pockets created by transient partial
blockages of the gas path due to instabilities in the falling film, was achieved only in Configuration 3
when large gas volumes (24-49 ml) were involved. Smaller volumes (8-17 ml) led to the generation
of offspring bubbles, without any sub-pulse, and shorter burst times (Capponi et al., 2016). With
these volumes scaled to the volcanic-case (Del Bello et al., 2015; Capponi et al., 2016), 3D CFD
simulations showed a similar trend at volcanic scale, with secondary pulses and sub-pulses
generated only in Configuration 3, implying that the presence of a plug is a pre-requisite for the
pulsatory behaviour (Capponi et al., 2016). Secondary bursts from offspring bubbles and sub-pulses
generated by partial blockages of the conduit were favoured by greater initial volume of gas and
lower viscosity of the underlying magma, while a higher viscosity led mainly to sub-pulses (restriction
of gas escape pathway), with the generation of fewer, or no, secondary bubbles (blockage of gas
escape pathway). Hence, while not measurably affecting the pre-burst processes, the viscosity of the
underlying magma can noticeably influence sin-and post-burst dynamics and therefore any
measured geophysical signals (Capponi et al., 2016).
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10. 7 - Conclusions

We define a framework to describe the possible spectrum of flow configurations that develops
for the ascent, expansion and burst of slugs in a rheologically stratified conduit. Conduits that are
fully filled with either high- or low-viscosity magma represent end-member scenarios. In between,
three main fundamental flow configurations exist: 1) in Configuration 1, the plug volume is
sufficiently large to fully accommodate the ascending slug. 2) In Configuration 2, the plug volume can
accommaodate the intrusion of low-viscosity liquid, but not the entire slug volume. The slug will burst
with its nose in the plug and part of the body in the low-viscosity liquid. 3) In Configuration 3, the
intrusion extrudes a low-viscosity layer above the plug, in which the slug burst. The annulus
generates two regions of diameter changes, leading to instabilities in the falling liquid film as the slug
passes through them and slug disruption with multiple bursts.

A new 1D model and 3D CFD simulations explore the configuration parameter space for
Strombolian-type volcanoes, showing gas mass, conduit radius, plug thickness and viscosity as the
main controls on which configuration style operates; transitions were much less sensitive to
properties of the underlying magma. Each configuration led to distinct burst processes and
encompassed a variety of processes: narrowing and widening of the conduit, generation of
instabilities along the falling liquid film, transient blockages of the slug path and slug break-up. These
complexities influenced the slug ascent dynamics and gas overpressure at burst, and thus also the
resulting eruptive style and, potentially, geophysical signals.

In Configuration 3, flow instabilities cause a narrowing of the gas escape pathway causing sub-
pulses within the eruption process. The flow instabilities can be sufficient to seal the gas escape
pathway and cause slug break-up through the creation of transient blockages, resulting in a
pulsatory, multi-bubble burst process. A widening of the conduit was needed for the slug break-up
and falling film collapses, and both the viscosity of the underlying magma and the gas volume
seemed to determine the frequency of pulses and sub pluses.

Our results showed how these flow configurations can influence eruption vigour and style,
however more needs to be done in order to fully understand how this configuration framework may
potentially affect, e.g., the slug-burst related geophysical signals. Therefore, future works should
investigate how to better understand the link between flow processes and pressure variations in a
stratified conduit, and how a viscous plug can influence geophysical signals within liquid and gaseous
phases during Strombolian eruptions. Also, the increasing use of high-speed, thermal and SO,
cameras is allowing new insights into explosion dynamics and measurements of gas emissions,
providing robust datasets of key parameters controlling the eruptions (e.g., gas mass, pyroclasts
ejection velocities, mass and size distribution), and strengthening the link between field observations
and conduit dynamics. Indeed, in light of the new framework of flow configurations for rheologically
stratified conduits presented here, detailed observations of the pre- and syn-eruptive processes
would help in better understand how a plug leads to the observed dynamics. Thus, now more than
ever, integration of experimental and numerical methods with field observation is needed to better
link the eruptive dynamics to the source process, eventually producing a more detail picture of the
physical conditions in the shallower volcanic conduit.

165



Rheological heterogeneity in Basaltic volcanism

Acknowledgements

The research leading to these results has received funding from the European Union Seventh
Framework Programme (FP7/2007-2013) under the project NEMOH, grant agreement n° 289976. |
am grateful to Steve Lane and Mike James for all the insightful discussions and support during my
PhD at Lancaster University. Thank you to B. Scheu for the review of this manuscript. Last but not
least, | must thank the big NEMOH family. Thanks to Paolo Papale, Raffaela Pignolo and Alessandro
Fornaciai for the creation and support of an amazing group of crazy people and for believing in us.
And thanks to all the NEMOHSs: | had the most amazing time with you guys: | doubt | could have had
better years during my PhD. Looking forward to see you again, doing science while having great
time!

References

Capponi, A., James, M.R. and Lane, S.J. (2016). Gas slug ascent in a stratified magma: Implications of flow
organisation and instability for Strombolian eruption dynamics. Earth Planet Sci Lett,
http://dx.doi.org/10.1016/j.epsl.2015.12.028.

Cashman, K.V. and Sparks, R.S.J. (2013). How volcanoes work: a 25 year perspective. Geol Soc Am Bull, 125:664—
690.

Chouet, B.A., Dawson, P.B., James, M.R. and Lane S.J. (2010). Seismic source mechanism of degassing bursts at
Kilauea Volcano, Hawaii: Results from waveform inversion in the 10-50 s band. J Geophys Res,
doi:10.1029/2009JB006661.

Chouet, B., Dawson, P. and Martini, M. (2008). Shallow-conduit dynamics at Stromboli Volcano, Italy, imaged
from waveform inversions. In: Lane SJ, Gilbert JS (Eds.), Fluid Motions in Volcanic Conduits: A Source of
Seismic and Acoustic Signals: Geol Soc, London, Special Publications, 307, pp. 57-84.

Colo, L., Ripepe, M., Baker, D.R. and Polacci, M. (2010). Magma vesiculation and infrasonic activity at Stromboli
open conduit volcano. Earth Planet Sci Lett, doi: 10.1016/j.epsl.2010.01.018.

Del Bello, E., Llewellin, E.W., Taddeucci, J., Scarlato, P. and Lane, S.J. (2012). An analytical model for gas
overpressure in slug-driven explosions: Insights into Strombolian volcanic eruptions. J Geophys Res doi:
10.1029/2011JB008747.

Del Bello, E., Lane, S.J., James, M.R., Llewellin, E.W., Taddeucci, J., Scarlato, P. and Capponi, A. (2015). Viscous
plugging can enhance and modulate explosivity of strombolian eruptions. Earth Planet Sci Lett, v. 423,
http://dx.doi.org/10.1016/j.epsl.2015.04.034.

Gaudin, D., Taddeucci, J., Scarlato, P., Moroni, M., Freda, C., Gaeta, M. and Palladino, D.M. (2014). Pyroclast
Tracking Velocimetry illuminates bomb ejection and explosion dynamics at Stromboli (Italy) and Yasur
(Vanuatu) volcanoes. J Geophys Res, doi: 10.1002/2014JB011096.

Gurioli, L., Colo, L., Bollasina, A.J., Harris, A.J.L., Whittington, A. and Ripepe, M. (2014). Dynamics of strombolian
explosions: inferences from field and laboratory studies of erupted bombs from Stromboli volcano. J
Geophys Res, doi:10.1002/2013)B010355.

Harris, A. and Ripepe, M. (2007). Temperature and dynamics of degassing at Stromboli. J Geophys Res, 112,
B03205, doi:10.1029/2006JB004393.

Houghton, B.F. and Gonnermann, H.M. (2008). Basaltic explosive volcanism: Constraints from deposits and
models. Chemr Erde Geochem, http://dx.doi.org/10.1016/j.chemer.2008.04.002.

James, M.R., Lane, S.J. and Corder, S.B. (2008). Modelling the rapid near-surface expansion of gas slugs in low
viscosity magmas. Geological Society, London, Special Publications, v. 307, doi: 10.1144/SP307.9.

166



Rheological heterogeneity in Basaltic volcanism

James, M.R., Lane, S.J., Wilson, L. and Corder, S.B. (2009). Degassing at low magma-viscosity volcanoes:
Quantifying the transition between passive bubble-burst and Strombolian eruption. J Volcanol
Geotherm Res, doi: 10.1016/j.jvolgeores.2008.09.002.

Lane, S.J., James, M.R. and Corder, S.B. (2013). Volcano infrasonic signals and magma degassing: First-order
experimental insights and application to Stromboli. Earth Planet Sci Lett, doi:
10.1016/j.epsl.2013.06.048.

Lautze, N.C. and Houghton, B.F. (2005). Physical mingling of magma and complex eruption dynamics in the
shallow conduit at Stromboli volcano, Italy. Geology, doi: 10.1130/G21325.1.

Lautze, N.C. and Houghton, B.F. (2006). Linking variable explosion style and magma textures during 2002 at
Stromboli volcano, Italy. Bull Volcanol, doi: 10.1007/s00445-006-0086-1.

Llewellin, E.W., Del Bello, E., Taddeucci, J., Scarlato, P. and Lane, S.J. (2012). The thickness of the falling film of
liquid around a Taylor bubble. Proc R Soc, Math Phys Eng Sci, doi: 10.1098/rspa.2011.0476.

McGreger, A.D. and Lees, J.M. (2004). Vent discrimination at Stromboli volcano, Italy. J Volcanol Geotherm Res,
doi: http://dx.doi.org/10.1016/j.jvolgeores.2004.05.007.

Ripepe, M. and Marchetti, E. (2002). Array tracking of infrasonic sources at Stromboli volcano. Geophys Res Lett,
doi: 10.1029/2002GL015452.

Seyfried, R. and Freundt, A. (2000). Experiments on conduit flow and eruption behaviour of basaltic volcanic
eruptions. J Geophys Res, doi: 10.1029/2000JB900096.

Taddeucci, J., Scarlato, P., Capponi, A., Del Bello, E., Cimarelli, C., Palladino, D.M. and Kueppers, U. (2012). High-
speed imaging of Strombolian explosions: The ejection velocity of pyroclasts. Geophys Res Lett, doi:
10.1029/2011GL050404.

Vergniolle, S. and Brandeis, G. (1996). Strombolian explosions 1. A large bubble breaking at the surface of a lava
column as a source of sound. J Geophys Res, 101(B9):433-447.

Vergniolle, S. (1998). Modelling two-phase flow in a volcano. In Proc. 13th Australasian Fluid Mech Conf Aristoc
Offset, Monash University, Melbourne, 647-650.

Vergniolle, S. and Gaudemer, Y. (2015). From Reservoirs and Conduits to the Surface: Review of Role of Bubbles
in Driving Basaltic Eruptions. Hawaiian Volcanoes: From Source to Surface, 208, p.289.

Viana, F., Pardo, R., Yanez, R., Trallero, J.L. and Joseph, D.D. (2003). Universal correlation for the rise velocity of
long gas bubbles in round pipes. J Fluid Mech, doi:10.1017/50022112003006165.

Wallis, G.B. (1969). One-dimensional two-phase flow (Vol. 1). New York: McGraw-Hill.

White, E.T. and Beardmore, R.H. (1962). The velocity of rise of single cylindrical air bubbles through liquids
contained in vertical tubes. Chem Eng Sci, v. 17, p. 351-361.

167






Rheological heterogeneity in Basaltic volcanism

Antonio Capponi, Italy
antonio.capponi@durham.ac.uk

Affiliation under NEMOH
Lancaster Environment Centre, Lancaster University, Lancaster,
United Kingdom

Research theme under NEMOH
Dynamics of magma degassing in rheologically stratified magma
columns

| started to work on basaltic volcanism during my MSc. Studies at the Earth Sciences department of
Sapienza, University of Rome. These focussed on the dynamics of Strombolian eruptions,
investigating their complexities through image processing and interpretation of visible and thermal
high-speed videos of Strombolian activity. After graduation, | continued this work thanks to a
research grant at Sapienza/INGV, and then as PhD project, also developing an experimental set-up
for analogue laboratory experiments at INGV, aimed to investigate the pulsatory behaviour observed
at Stromboli during my imaging studies.

At the end of the second year, | was awarded with the Marie Curie Fellowship in Lancaster, United
Kingdom, within the project NEMOH, so | moved abroad and started in parallel a new PhD under the
supervision of Steve Lane and Mike James. | successfully defended my PhD on June 6", 2016. Here |
investigated the range of slug flow configurations that develop in a rheologically stratified column
and how the fluid dynamics involved in these flows modify the associated geophysical signals, using
analogue laboratory experiments, numerical modelling and 3D computational fluid dynamic
simulations. While working in Lancaster, | also maintained my collaboration with INGV, continuing to
investigate conduit dynamics through processing and interpretation of high-speed and thermal
videos. Furthermore, NEMOH allowed me to have a great amount of extra training. Indeed, each
year | attended several training courses and field schools, international conferences, and
participated to annual field campaigns at Stromboli in collaboration with other international
research groups (INGV, LMU, LMV, and University of Hawaii). In 2015 | was also co-convener in one
of the session at EGU. This involvement gave me the chance, already during my PhD, to gain
experience on how to organize a scientific session, interact with other conveners, the authors and
the conference organizers.

With my PhD project at Lancaster and the intense training offered by NEMOH, | developed a strong
background in experimental volcanology, and an in-depth knowledge of conduit dynamics, in
particular for basaltic volcanic systems, and in processing and interpretation of field and
experimental data. As next step, on November 1st, 2016, | started a 3-years PDRA position in the
Department of Earth Sciences at Durham University, funded by the UK NERC as part of the Large
Grant project: ‘Quantifying disequilibrium processes in basaltic volcanism (DisEgm)’. My role is to
design and commission a large-scale apparatus for multiphase fluid dynamic experiments and
conduct scaled analogue experiments to investigate the processes associated with the flow of
multiphase magma in fissure geometries.

169


mailto:antonio.capponi@durham.ac.uk




High-speed imaging of Strombolian activity

Chapter 11

The variety of Strombolian activity observed and interpreted by
high-speed imaging

Damien Gaudin

Istituto Nazionale di Geofisica e Volcanologia, Sezione di Roma, Roma, Italy

Tutorship: Jacopo Taddeucci

Istituto Nazionale di Geofisica e Volcanologia, Sezione di Roma, Roma, Italy

Abstract

Strombolian eruptions are the most common, and often observed, explosive volcanic activity worldwide.
However, descriptions include a comparatively large range of variations that, despite arising from the same
basic process, are not yet integrated in a general, interpretative scheme. In that context, this study focuses on
the ejection of gas and particles from Stromboli volcano (Italy), Etna (ltaly), Yasur (Vanuatu) and Batu Tara
(Indonesia). 22 vents were filmed by both visible-light and thermal infrared high-speed infrared videos. Videos
are processed by original algorithms in order to quantify the size and the trajectories of bomb-size pyroclasts as
well as the dimensions and the ejection velocity of the gas and ash clouds, enabling objective comparisons
between all vent activities. This database demonstrates that a continuous spectrum of activity exists, from
puffing to Strombolian explosions, and from gas rich through bomb-rich to ash rich explosions. These variations
in Strombolian activity can be explained by the combination of two well-established controls: 1) the length of
the bursting gas pocket with respect to the vent diameter, and 2) the presence and thickness of a high-viscosity
layer in the uppermost part of the volcanic conduit. The interaction of these two factors determines, at first
order, the main explosion parameters, including its duration, the evolution of the ejection velocity with time, its
products and its pulsatile behaviour.

Keywords: Strombolian activity, high speed imaging, pyroclast trajectories, gas pockets, database
analysis.

11. 1 - Introduction

Stromboli volcano, on the northernmost Aeolian island, is well known for its frequent explosions
(in the order of 10 per hour) throwing incandescent pyroclasts at heights of several hundred metres,
which earned it the nickname of “Lighthouse of the Mediterranean”. Such activity has been
continuously observed for more than 200 years [Washington, 1917], but probably started 1500 years
ago [Rosi et al., 2000], being only interrupted by paroxysmal episodes occurring a few times per
decades [Barberi et al., 1993]. This so-called “Strombolian” activity is not only limited to Stromboli
volcano but it has been reported during periods of variable duration in numerous volcanoes
worldwide, the most famous being Paricutin (Mexico), Villarica (Chile), Erebus (Antarctica), Etna
(Italie) and Yasur (Vanuatu).
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Strombolian activity is defined as the “weak, discrete, short-lived explosions that are the surface
manifestation of the impulsive release of pressurized pockets of gas” [Taddeucci et al., 2015].
However, this simple definition gathers a wide variety of cases. First, the relative amount of each
class of pyroclasts —ash (<2mm), lapilli (2-64 mm) and bombs (>64mm) — is highly variable, not only
from a volcano to another but also within the different vents of a volcano. Second, the intensity of
the explosions, represented by the total mass erupted and the launch velocity, ranges over several
orders of magnitude from metre-sized bubble puffing with velocities smaller of a few metres per
second [Harris and Ripepe, 2007] to normal and paroxysmal Strombolian explosions with supersonic
velocities [Ripepe and Harris, 2008; Taddeucci et al., 2012].

This large variety raises the question of the definition of Strombolian activity. In other words,
what are the invariants in the Strombolian explosive mechanism, and what are the main factors
underlying its variability?

In order to answer this question, the volcanology group of the Rome section of the Istituto
Nazionale di Geofisica e Vulcanologia (INGV) has developed a portable multi-parametric instrument,
named FAMoUS (Fast MUItiparametric Setup), including high speed thermal and visible-light
cameras, to monitor volcanic explosions worldwide. Currently, the INGV database includes high
speed videos from 8 volcanoes, from bubble bursts from the Halema‘uma‘u lava lake at Kilauea
volcano (Hawaii), through Strombolian episodes at Etna (Italy) to Vulcanian explosions at Sakurajima
(Japan). The interpretation and comparison of this large dataset require objective and quantitative
methods, but opens new perspectives for the interpretation of Strombolian activity.

This paper aims to give a comprehensive summary of the studies | achieved during my NEMOH
fellowship at INGV Roma on the quantification of Strombolian activity through dedicated image
processing methods, and propose an integrated perspective of Strombolian activity from the high
speed imaging point of view. Most of the results are presented, in a more expanded way, in articles
published. The reader is referred to these papers for more details.

11. 2 - The INGV database of Strombolian activity: acquisition and processing

11. 2.1 - Targeted volcanoes

The INGV database includes high speed thermal and visible-light videos from 8 basaltic to
andesitic volcanoes from 4 continents (Figure 1). It is mainly focused on Strombolian activity
(Stromboli, Italy; Yasur, Vanuatu; Batu Tara, Indonesia; a parasitic cone at Etna, Italy). However, in
order to better understand the phenomena, examples from other related types of activity have been
observed: spattering in Halema‘uma‘u lava lake in Kilauea (Hawaii), where the gas pocket is not
confined in a conduit; and Vulcanian activity (Fuego, Guatelama; Santiaguito, Guatemala;
Sakurajima, Japan) where higher explosion intensities lead to frequent reshaping of the conduit.

In all cases, field campaigns lasted between 1 and 10 days, focusing on all visible active areas.
Observations were achieved at a distance ranging from 200 m for some vents of Stromboli to 3500 m
for Sakurajima, where the intensity of the explosion was the highest.

Herein, vents are denoted using source volcano, vent area, eruption year and specific vent (e.g.,
S-NE14c marks the activity of vent ‘c’ at the North-East vent area of Stromboli in 2014).
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Figure 1. Location and date of the field campaigns of the INGV Romal database, achieved with the FAMoUS (Fast
MUItiparametric Setup) developed at the institute. Note that all these volcanoes, with the exception of Kilauea, are located in
a subduction context.

11. 2.2 - Cameras

The INGV database was made using various high-speed cameras, both in visible and in thermal
infrared wavelengths. Visible-light high speed cameras include NAC HotShot 512 (512x512 pixels
definition at 500 frames per second) for field campaigns in 2009, Optronis CR600x2 (1280x1024
pixels at 500 fps) for field campaigns since 2011 except Kilauea in 2015, and NAC Memrecam HX-6
(2560%1920 pixels at 1000 fps). We used tele lenses, usually 300 or 400 mm and up to 800 mm to
reach centimetre resolutions at a distance of hundreds of metres. For instance, at Stromboli where
the typical distance crater-camera is about 300 m, a 300 mm tele lens achieves a resolution of 2.0 cm
per pixel. At these frame rates and resolutions, recordings are limited to a few seconds up to a
minute. Thus, visible light cameras were mainly used to track the fastest and smallest pyroclasts
during the explosions.

Since 2011, the setup also includes a FLIR SC655 high speed thermal camera, recording at up to
200 frames per second, and at 50 frames per second in full resolution (640x480 pixels). The 41 mm
lens allows reaching 12 cm per pixel at a distance of 300 m. The lower definition and time-resolution
of the thermal camera allows continuous recording over several minutes. In addition, thermal
infrared wavelengths are more sensitive to gas. Consequently, the thermal camera was mainly used
to observe the general activity of the vents.

The high speed thermal and visible-light cameras are powered and synchronized through a
common infrastructure called FAMoUS (FAst, MUItiparametric Set-up for real-time observation of
explosive eruptions).
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11. 2.3 - Processing methods
11. 2.3.1 - Activity diagrams

In order to objectively describe and compare volcanic activities at the different volcanoes and
vents, | developed an original algorithm to generate activity diagrams from thermal infrared images
independently from observation conditions (distance, framerate, etc.). First, frames are cropped into
a vertical rectangle with the vent centred near the base. Considering the typical size of the vents
hosting Stromboli activity, we used a 25 x 10 metre window. Second, in order to minimize the
effects of slow changes due to, e.g., clouds and rock falls, we remove the background, computed as
the minimum value of each pixel in a moving window of 2 seconds preceding each frame. Finally the
evolution of the maximum temperature in each row is plotted in a time/height diagram, hereafter
referred as “rise history diagram”. These diagrams allow tracking the vertical motion and velocity of
ejecta, parabolic tracks and blurred streaks representing ballistics and ash/gas clouds, respectively.
Similarly, by plotting the temperature on a horizontal line just above the vent, we also visualized the
lateral extent of ejection over time (“lateral extent diagram”).

In the case of pulsating activity, the lateral extent diagrams can be used to isolate the release of
single gas pockets. To this purpose, | developed an original algorithm to count these events [see
details in Gaudin et al., 2017b]. The rise velocity of the ash/gas cloud and the ejecta correspond to
the slope of the tracks and streaks in the rise velocity diagrams. The width and duration of the
released gas pockets can be measured directly on the lateral extent diagram. Combining these two
estimations, one can derive the total volume of the gas cloud at the exit of the vent [Gaudin et al.,
2017b].

11. 2.3.2 - Tracking of the bombs

In addition to the activity diagram, | used specific to track and quantify the ejection of bombs.
Indeed, their relatively high masses prevent them from being significantly slowed down in the first
metres of their travel in the atmosphere, and thus, their ejection velocity can be directly linked to
the processes occurring in the vent.

Bombs can be tracked from high-speed visible-light imaging, using the MTrack] plugin [Abramoff,
2004] of the ImageJ software. However, this technique is operationally limited by its slow speed and
consequently is restricted to use on relatively few pyroclasts (order of thousands).

In order to maximize the number of bombs tracked, | developed a tracking algorithm based on
Particle Tracking Velocimetry techniques [Gaudin et al., 2014a]. This class of algorithms was initially
designed to spot and track automatically solid markers set in transparent fluid to obtain a complete
velocity field. In our case, the relatively low quality of the videos, and above all the large numbers of
particles to track make the traditional techniques less efficient. In order to optimize the number of
bombs tracked, we use a specific algorithm providing first estimate of pyroclast displacement
between two successive frames based on the identification of image features and the solution of the
optical flow equation [Moroni and Cenedese, 2005], jointly with preprocessing and post-processing
technigues to improve image quality. The whole processing chain is referred as “Pyroclast Tracking
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Velocimetry” (PyTV), is described in details in Gaudin et al., [2014a]. We estimate that PyTV
efficiently tracks 50 to 90% of the potential bombs candidates visible in the videos, i.e. 100 to 1000
times more than for the manual tracking.

As for the manual tracking, the databases built from PyTV only allows the reconstruction of bomb
trajectories in a plan perpendicular to the line of sight, neglecting the motion of the particles
towards or away from the camera, which may lead to underestimation of bomb velocities and does
not allow the directionality of the ejections to be studied. To overcome this limitation, | used two or
three synchronized high speed camera to obtain a stereoscopic view of the explosions. | adapted
photogrammetry techniques in order to reconstruct the bomb trajectories in 3D [Gaudin et al., 2015,
2016]. Since the same bombs must be recognized in different videos, it is not currently possible to
use the PyTV to automatically track the bombs. Therefore, | limited the analysis to a few
representative examples.

11. 3 - Results: a bestiary of Strombolian activity

11. 3.1 - Overview of Strombolian activities

In this section, | focus only on Strombolian activity observed at Stromboli, Etna, Batu Tara and
Yasur. Field observations show a large range of Strombolian activity, which can be classified on the
basis of (i) their intensity and recurrence time, and (i) their products (Figure 2).

Y-Bila

20m | 50°C

Puffing Rapid explosions Type 0 expl. Type 1 explosion Type 2 explosion

Figure 2. Still frames of videos of the INGV database, showing the different types of Strombolian activity. S-, E-, Y-, and B-
refers to Stromboli, Etna Yasur, and Batu Tara volcanoes, respectively, numbers refer to year (from 2011 to 2015), capital
letters marks vent areas and small letters marks individual vents.

The manifestation with the smallest intensity is called puffing, defined by Ripepe et al., [1996]
and Landi et al., [2011] as the release of “discrete overpressurized puffs of gas/vapour that occur at a
few seconds interval, radiating excess pressure in the atmosphere and eventually ejecting small
amount of incandescent lava fragments” (Figure 2). We note that puffing is never associated with
the ejection of ash.

At the other end of the spectrum, normal explosions “typically involves <20-s-long explosions,
which eject centimetre- to metre-sized pyroclasts to heights of 50-400 m” [Rosi et al., 2013;
Houghton et al., 2016]. Based on the relative amount of erupted pyroclasts, normal explosions can
be classified into Type 0 (gas-rich and pyroclast-poor, sometimes denoted Type 3), Type 1 (bomb-
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rich), Type 2a (ash- and bombs-rich) and Type 2b (ash-rich and bombs-poor) [Patrick et al., 2007;
Goto et al., 2014; Leduc et al., 2015]. While Type 0 is rare (about 5% of the observed activity), Types
1, 2a and 2b are equally frequent at Stromboli. We note that, unlike Type 0, 1 and 2a explosions
where the beginning of the explosion is impulsive, Type 2b explosions tend to be emergent [Spina et
al., 2015].

Between these two end-members, a rarer type of activity has been observed, both at Etna and at
Stromboli, consisting of frequent (each few seconds), short (<1 s) explosions associated with the
ejection of thousands of bombs, but never with ash. Houghton et al., [2016] named this activity
“rapid explosions”, defined as “very closely spaced and, generally, very weak explosions, with a
periodicity at least two orders of magnitude higher than that of normal explosions at Stromboli”.
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Figure 3. Rise history diagrams showing the activity of 22 representative vents of Stromboli, Yasur, Etna and Batu Tara.
Parabolic tracks and blurred streaks represent bombs and ash/gas clouds, respectively. The zoom highlights the increase of
puffing activity before and after the explosions.
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Figure 3 shows 90 s snapshots of the 22 activities of Stromboli, Yasur, Etna and Batu Tara. The
pulsating behaviour of puffing and rapid explosions is immediately recognizable, while normal
explosions are transient. The ejection of bombs is also visible, in particular for rapid explosions and
normal explosions of Type 1 and 2a.

11. 3.2 - Ejection velocities

The ejection velocities of bombs in four Type 1 and Type 2a explosions are represented in Figure
4. PyTV detects 100 to 1000 more bombs than manual tracking. Both techniques show the same
internal features, but with a much higher time-resolution for the PyTV. Conversely, PyTV is not able
to catch the smallest, blurred bombs that usually have higher velocities, in particular for cases Y-
Alla and Y-Allb. However, we note that the velocities measured by the PyTV are well aligned with
the manual ones (and even overlap them in the three first cases), pointing out the reliability of both
methods. The two techniques are consequently complementary and must be used together.
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Figure 4. Ejection velocity of bombs in 4 normal explosions from Stromboli (top) and Yasur (bottom) [modified after Gaudin et
al., 2014a].
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The ejection velocity of the bombs during normal explosions can reach 405 m/s [Taddeucci et al.,
2012]. These supersonic velocities are confirmed by the occurrence of jet noise that can be either
measured by microphone or even observed on some high speed videos [Taddeucci et al., 2014]. In
rapid explosions and puffing, due to the technical impossibility to record continuous high speed
records, we use the maximum height reached by the bombs to deduce their initial velocity, ve, using
the ballistic equations and neglecting the drag force:

Ve=2V(g2) (1)

where z is the height of the summit of the parabola with respect to the vent and g is the
acceleration due to gravity. From Figure 3, we deduce that velocities observed in rapid explosions
are about 30 m/s while velocities during puffing never exceed 20 m/s.

The stereoscopic observations (Figure 5) demonstrate that all the particles seem to originate
from a narrow region (corresponding to the vent exit) and that the highest velocities are reached for
the particles going vertically.
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Figure 5. “Bird eye view” of the trajectories of bombs erupted during a normal explosion of vent S-NE14c of Stromboli,
reconstructed by stereoscopic techniques [Gaudin et al., 2015]. Opt, Pha and NAC represents the direction from the Optronis,
Phantom and NAC cameras to the vent, while t stands for the total duration of the explosion.
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The very high temporal resolution enabled by the use of PyTV allows “ejection pulses” to be
detected in all the studied explosions. Pulses have been defined as “a cluster of fast bombs arriving
in a short time interval and displaying a non-linear decay of the vent ejection velocity over time”
[Gaudin et al., 2014b]. The average duration of the pulses is about 1s, but some of them can last
down to 0.1 seconds. During a pulse, the evolution of v, can be modeled as (Figure 6):

1/Ve= (t-tg) / h @)

where t; is a time representing the start of the pulse and h a characteristic length. The shock tube
theory [Alatorre-Ibarguengoitia et al., 2010; Taddeucci et al., 2012; Gaudin et al., 2014b] suggest that
this length corresponds to the distance between the height of the line where the velocities are
measured and the depth of the bubble burst. Superimposed on these pulses, variations of ejection
velocity might occur in the timescale of a few seconds within a normal explosion (see case S-SWO09b
in Figure 4). However, being themselves constituted of multiple pulses, | will not consider them as
proper pulses but as trends.
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Figure 6. Example of an ejection pulse on vent S-NEQ09a. In this case, velocities are measured 4m above the vent, thus h
suggest a burst depth of 9.4 meters below the surface [modified after Gaudin et al., 2014a].
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Up to 100 pulses have been observed in normal explosions at Stromboli with a linear relation
between pulse frequencies and ejection velocities (Figure 7). This relation is less obvious in the case
of Yasur volcano, where the pulse frequencies for a given mean velocity are lower (Figure 7).
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Figure 7. Relationship between mean pulse frequency and mean velocity in 30 normal explosions at Yasur and Stromboli
[modified after Gaudin et al., 2014a].

In the case of rapid explosions, a few pulses may be observed (Figure 3), which is never the case
for puffing activity.

11. 3.3 - Sizes and volumes

Figure 8 shows the evolution of the thermal anomaly on a horizontal line just above the vent. All
the thermal anomalies of a vent generated by puffing and explosions are located in the same,
narrow band, corresponding to the width of the vent. In some cases, (e.g. C12a, SW14e), the width
of the puffs are smaller than the vent diameter, which is never the case for rapid and normal
explosions.
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Figure 8. Evolution of the lateral extent the thermal anomaly on the same 22 representative active vents as Figure 3.
[modified after Gaudin et al., 2017a].

The volume of the explosions V can be directly derived from these diagrams as [Gaudin et al.,
2017b]:

V=[S v(t) dt

S being the section of the vent and v(t) the exit velocity as a function of the time t. Table 1 shows
that volumes of normal explosions are about 1000 times higher than those of puffing, while their
frequency is typically 1000 times lower. For all estimates, rapid explosions appear as an intermediate
term between the two endmembers.
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Puffing Rapid explosions Normal explosions
Repetition time 0.5-3s 2-5s 100-5000 s
Duration 0.1-1s 0.5-2s 10-90s
Exit velocity 3-20m/s 20-35m/s 30-400 m/s
Wit o th g o
Number of pulses per event 1 1-5 Up to 100
Products
Gas 0.02-30m* 70-500m° 1.000-40 000 m*
Bombs None to <1 kg 1-100 kg Up to 50 000 kg
Ash None None Possible

Table 1. Characteristics of the three main types of Strombolian activity described in this study. Volumes of gas are estimated
at ambient pressure.

11. 3.4 - Activity interactions

The three types of Strombolian activity can coexist at the same volcano. At Stromboli (Figure 9),
puffing is preferentially located at the center of the crater terrace (Center vents and north-east of
the SW crater), while normal explosions are preferentially in the SW and the NE craters. The only
occurrence of rapid explosions (in May 2014) was located at the close vicinity of the puffing activity.
[Gaudin et al., 2017a].
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Figure 9. Location of vent activities at Stromboli terrace, during the four field campaigns from 2012 to 2015.

At Yasur and Stromboli, some vents were hosting both puffing and normal explosions (Figure 3).
This is the case for vent S-C13a, hosting the only example of Type 0 explosion and for about one third
of the vents hosting Type 1 and Type 2a explosions. In some of the cases, an increase of the puffing
activity was observed before and after the explosions Figure 3). In Figure 10, the focus is on the
increase of degassing before the explosion for the vent NE14c of Stromboli. In the first case, a clear
increase of puffing is visible in the 4 seconds before the explosion. In the second example, the gas
escapes from a 5m ring around the explosion point. We hypothesize that this ring corresponds to the
border of the conduit that is hindered by debris.
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Figure 10. Processed still images showing the increase of puffing activity before two normal explosions on the vent S-NE14c.
t=0s refers to the beginning of the explosions (ejection of the first pyroclasts).

11. 4 - Discussion: the shallow modulation of Strombolian activity

Strombolian activity is generally thought to be driven by the release of decoupled pressurized gas
pockets that ascent through the shallow system magma [Blackburn et al., 1976; Vergniolle and
Brandeis, 1996; Ripepe and Gordeev, 1999; Ripepe et al., 2002; James et al., 2004; Del Bello et al.,
2012, 2015, Taddeucci et al., 2012, 2014; Capponi et al., 2016a]. Here, rather than discussing the
source mechanisms of the gas pockets, | focus on their release process, and propose two factors
whose interaction may explain the observed variety of Strombolian activity.

11. 4.1 - The length of gas pocket/conduit diameter ratio

The most striking difference between puffing, rapid explosions and normal explosions is the
volume of gas released (Table 1). In the case of puffing, volumes are of the order of a cubic metre.
These volumes may not be sufficient to fill the whole section of the conduit, as evidenced in Figure 8.
Conversely, for normal explosions, the very large volumes of released gas imply the existence of
elongated gas pockets in the conduit, or slugs.

Larger volumes are associated to higher ejection velocities. In fact, it has been shown by
experimental studies that the pressure of the slugs at burst is first determined by the length of the
slug [James et al., 2009; Del Bello et al., 2012], and to a lesser extent, the magma viscosity and the
conduit diameter.

Together with the increase of volume from puffing through rapid explosions to normal
explosions, the number of pulses increases from 1 to up to 100. Neither numerical modeling
[Capponi et al.,, 2016a] nor experimental studies from shock tube experiments [Alatorre-
Ibargliengoitia et al., 2010], buried explosives [Gaudin et al., 2014c] or pressurized rise slug in liquids
[Taddeucci et al., 2013; Gaudin et al., 2014c; Capponi et al., 2016a] could satisfactorily model this
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pulsating behavior. Among the hypotheses that have not been considered in these previous studies
the non-linear behavior of the crystal rich magmas that may favour the splitting of large gas pockets
in smaller ones [Oppenheimer et al., 2015] and the elastic response of the conduit walls that might
act as a valve are possible candidates. This last hypothesis is supported by observations at Erebus
[Dibble et al., 2008] and Halema‘uma‘u [this study] lava lakes (that can be seen as very large
conduits) where explosions are made of only one pulse.

The ejection pulses are characterized by the non-linear decay of the vent ejection velocity over
time (Equation (2)), allowing a characteristic depth of 0-20 m to be defined both for normal
explosions [Gaudin et al., 2014b] and rapid explosions [Gaudin et al., 2017b]. This decay is very
similar to that observed during shock tube experiments [Alatorre-lbarglengoitia et al., 2010; Gaudin
et al., 2014c] and suggests that the computed parameter h scales with the depth from which the
particles originate. This supports once again the fact that the long slugs are split close to the surface.

11. 4.2 - Thickness and viscosity of the cap layer

The second striking feature of Strombolian activity is the variety of the erupted products (e.g.
Figure 2), even at a single volcano (Figure 9). While puffing produce mostly gas with rare bombs,
rapid explosions erupt a significant amount of bombs with the gas, and Strombolian explosion may
erupt either ash, bombs, both or none of them, defining the 4 types of explosions [Patrick et al.,
2007; Goto et al., 2014; Leduc et al., 2015] : ash- and bomb- free (Type 0), ash-free and bomb-rich
(Type 1), ash- and bomb- rich (Type 2a), ash-rich and bomb-free (Type 2b).

The characteristics of explosions tend to follow a general trend. On one side, Type 0 explosions
are the shortest, with the highest pulse rate and ejection velocities. Type 1 and Type 2a represent
intermediate terms, while Type 2b explosions are usually the longest, with low ejection velocities
and few ejection pulses. While the highest velocities are usually reached at the beginning of the
explosions for Types 0 to 2a, Type 2b explosions tend to be emergent.

This behavior has been linked to the presence of a high viscosity layer on top of the conduit by
[Leduc et al., 2015; Capponi et al., 2016b]. Such a cap may reduce the rise velocity of the gas
pockets, allowing more time for the pressure to decrease, thus leading to fewer pulses and lower
velocities. In the end-member case of Type 2b explosions, gas must make its way through the cap.
The first release of gas may increase the permeability of the cap, thus allowing more gas to flow
through. The increase of puffing activity prior to Type 1 and 2a explosions can also be explained by
the increase of permeability of the cap, probably due its deformation due to the expansion of the gas
pocket. We note that vents hosting Type 2b explosions never host puffing, because the presence of a
thick cap preventing the release of small gas pockets, not buoyant enough to reach the surface with
enough pressure to generate a burst.

11. 5 - Conclusions - perspectives

From these observations, we proposed an interpretative scheme of Strombolian explosions
based on the interaction between the two controlling factors mentioned above (Figure 11). While
the length of the gas pocket over conduit diameter ratio controls the size of the explosion (puffing,
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rapid or normal), the thickness and the viscosity of the cap control the relative amount of erupted
ash and bombs.
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Figure 11. Interpretative scheme of vent dynamics for Strombolian activity. (This scheme is purely qualitative and does not
intend to consider the origin or the release frequency of the gas pockets).

Our study demonstrates that these two factors strongly interact together. For instance, pressure
inside the gas pocket which control the exit velocity of the gas and particles is determined both by
the size of the gas pocket and its rise velocity. The latter is determined by the viscosity of the upper
section of the magma column. Thus, higher velocities are observed in the top right corner of the
diagram (Figure 11), while in the bottom left corner, the pressure is not sufficient to provoke any
explosive activity. The number of pulses within the explosions follows the same trend (Figure 7).

We note that the relationship between the thickness of the viscosity cap and the ejection velocity
of the pyroclasts is opposite to what is suggested by laboratory experiments [Del Bello et al., 2015;
Capponi et al., 2016a] where it has been demonstrated that the presence of a plug maintains a
higher pressure inside the slug compared to a mono-viscosity scenario. The differences may be
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associated to the fragmentation processes which are not taken into account in the experiments, but
may consume a major part of the energy associated to the slug overpressure for thick cap cases.

Figure 11 also depicts what associations of activities are possible. Indeed, while gas pockets of
different length can rise in a single conduit, the thickness and viscosity of the cap is a parametre of
the vent. As a consequence, only horizontal associations are possible in this diagram, explaining why
puffing is never observed together with Type 2b explosions. Changes in the properties of the cap can
be achieved in timescales of hours. It has been hypothesized that more frequent explosions allows
the cleaning of the conduit [Capponi et al., 2015, 2016b; Llewellin et al., 2015], leading in turn to
more powerful explosions in a retroactive loop. This hypothesis is supported at Stromboli by the
location of the most active vents in the center of the crater of the system (Figure 9) where the heat
and gas flux may be the highest [Landi et al., 2011], leading to enhanced activity.

The diagram of Figure 11 is currently limited to Strombolian activity. A possible next step would
be to determine to which extent other types of activities (e.g. lava fountains, Vulcanian explosions,
spattering in lava lakes) could be integrated in this diagram.
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Abstract

Volcanic systems can significantly perturb the local hydrology, whose responses range from changes in

aquifer pressures and temperatures to violent phreatic explosions. This NEMOH project addressed two
manifestations of volcano-aquifer interactions, working towards a better understanding of monitoring signals
and hazards associated with hydrological systems in volcanic regions.
The first part investigates poroelastic water level changes at volcanoes. We develop numerical models that
simulate crustal deformation accompanying pressurization of magma reservoirs and the dynamic aquifer
response. Simulated magma chamber inflation leads to observable hydraulic head transients and porous flow in
overlying hydrological reservoirs that strongly depend on a complex interplay of aquifer and source parameters.
The models are then applied to a case study, which concludes that pre-eruptive well level changes at Usu
volcano (Japan) in 2000 were induced by the pressurization of both the magma chamber and a large, shallow
hydrothermal system. The models are a significantly improved tool for the interpretation of well level signals in
volcanic areas that can provide valuable constraints for volcanic strain sources.

The second part consists of a statistical approach to assess the often-underestimated hazard associated with
phreatic explosions. Time-series analysis of the eruption catalogue of Ruapehu Volcano (New Zealand) suggests
that phreatic eruptions at this crater lake volcano tend to cluster. Combining probabilistic clast ejection
simulations with a Bayesian event tree tool, we generate hazard maps for ballistic ejecta on the summit of
Ruapehu that contribute to local hazard assessment.

Keywords: poroelasticity, volcano deformation, finite element modelling, phreatic eruptions,
probabilistic hazard assessment.

12. 1 - Introduction

It is well known that the presence of water can significantly affect the style of volcanic activity, and
the resulting phreatomagmatic eruptions have been widely studied (e.g. Mastin et al., 2004;
Gudmundsson et al., 2008; Lupi et al., 2011; Liu et al., 2015). But the interactions of hydrological and
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magmatic systems are manifold and work two-ways (Newhall et al., 2001). Phenomena resulting
from magmatic processes affecting the local hydrology have, however, been comparatively
understudied. Observed volcanic unrest signals have often been interpreted as hydrological
responses to changes in the state of the magmatic system. Variations in water levels, temperatures
or composition, as well as hydrologically induced ground deformation and gravity transients, are
typical examples of "wet unrest". There are reports of such signals at numerous volcanoes, including
Usu, Japan (Matsumoto et al., 2002), Kilauea, Hawaii (Hurwitz and Johnston, 2003) and Mayon,
Philippines (Tiampo et al., 2007). Commonly postulated triggers for wet unrest are magmatically
induced variations in temperature, changes in local stress conditions, the opening of fractures or the
injection of magmatic fluids into an aquifer (Newhall et al., 2001). Volcano-aquifer interactions can
culminate in steam-driven explosions that often precede magmatic events, yet many crises have
peaked at the phreatic stage (e.g. Le Guern et al., 1980; Kilgour et al., 2010). Changes in aquifer
dynamics can hence be valuable indicators of volcanic unrest and contribute to volcanic hazards, but
very few of the suggested mechanisms for hydrological unrest have been sufficiently quantitatively
tested.

This NEMOH project focused on two volcano-hydrological phenomena: water level changes
caused by magmatic stress changes and phreatic explosions. While the latter represents a volcanic
hazard whose associated risk is often underestimated, induced water level changes can be used as
windows into the magmatic system. Improving the knowledge base on either of the two currently
poorly understood processes may support volcano monitoring and eruption forecasting.

12. 2 - Monitoring capabilities: Poroelastic aquifer responses to volcanic strain

12. 2.1 - Generic models (reproduced from Strehlow et al., 2015)

The compression or dilatation of an elastic porous medium leads to a decrease or an increase in
pore space, respectively, which in turn influences the pore pressure and thereby the water level
(Wang, 2000). Aquifers are so-called poroelastic media, and well water level changes associated with
magmatic unrest can therefore be interpreted as a result of pore pressure changes in the aquifer due
to crustal deformation. A dramatic example is the water level rise of more than 85 min a geothermal
well at Krafla volcano, Iceland, associated with a dyke intrusion in 1977 (Stefansson, 1981).
Information about the local strain field is valuable for volcano monitoring and eruption forecasting,
as it can allow derivation of the strain-inducing subsurface processes (e.g. Linde et al., 2010;
Bonaccorso et al., 2012). If we can translate water level changes to volcanic strain, wells can
therefore be a useful addition to existing monitoring systems. Previous attempts to use aquifers as
strainmeters relied on analytical deformation models in combination with the aquifer's strain
sensitivity, a material property giving the hydraulic head change per unit applied strain (e.g.
Matsumoto et al., 2002). However, these methods ignore crustal heterogeneities, complex source
morphologies and fluid flow processes. Due to these shortcomings, the models do not always
succeed in fully explaining observed well signals.
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We developed numerical models to overcome these limitations and to assess to what extent
confined aquifers can serve as indicators of strain partitioning in the shallow crust. They solve a
series of partial differential equations that result from the full coupling of continuum mechanics
equations for stress-strain relations of a linear elastic material with Darcy's law and mass
conservation within the porous flow theory. Applying the software COMSOL Multiphysics, we used
finite element analysis (FEA) to simulate the response of shallow aquifers to volumetric strain
induced by pressurized magma reservoirs at depth. The time-dependent, fully coupled models
simulate crustal deformation accompanying chamber pressurization and the resulting hydraulic head
changes as well as flow through the porous aquifer. The flexibility of the FEA method allows testing
of a variety of geometrical settings. Figure 1 shows the generic 2D-axisymmetric set-up used for
parametric studies, input parameters for the reference simulation are given in Table 1.
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Figure 1. 2-D axisymmetric model set-up: a boundary load is applied on a cavity at depth, representing the magma chamber.
This strains the surrounding linear elastic host rock, the poroelastic, water-saturated aquifer and the overlying linear elastic
cap rock. The bottom boundary is fixed, the upper boundary is treated as a free surface, the lateral boundaries have a roller
condition (free lateral, but no vertical displacement). There is no flow outside the aquifer; stress and displacement at the
internal boundaries are continuous. Initial conditions are hydrostatic pressure and no flow in the aquifer. An extract of the
finite element mesh is shown only for illustration. The mesh density is finer around the cavity, at aquifer boundaries and the
free surface.
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Parameter \R/(;ll‘s:;ence Parameter Reference Value
Aquifer depth zaq 200 m Cap rock density r¢ 1800 kg m™
Aquifer thickness daq 200 m Host rock density r, 2600 kg m*
Chamber top depth zcy 3km Aquifer density - pyroclastic rag 2000 kg m*
Chamber radius (spherical) r 1km Aquifer density - lava flow ryq 2800 kg m*
Distance chamber — aquifer dist 2.6 km Aquifer permeability - pyroclastic k 5x10™ m?
Vertical semi-axis b 1km Aquifer permeability - lava flow k 5x10"? m?
Cap rock Young’s Modulus E; 70 MPa Aquifer porosity - pyroclastic ¥ 0.35

Host rock Young’s Modulus Ey, 30 GPa Aquifer porosity - lava flow £ 0.1

Aquifer Young’s Modulus - pyroclastic E,q 10 MPa Biot-Willis coefficient - pyroclastic a 0.7

Aquifer Young’s Modulus - lava flow Egq 50 GPa Biot-Willis coefficient - lava flow a 0.2

Cap rock Poisson’s ratio n. 0.45 Water density r¢ 1000 kg m™®
Host rock Poisson’s ratio ny, 0.25 Water viscosity m 10°Pas
Aquifer Poisson’s ratio — pyroclastic N 0.275 Water compressibility ¢ 4x10™ pa’t
Aquifer Poisson’s ratio — lava flow nq 0.225 Pressurization values DP 10 MPa

Table 1. Input parameters of reference simulation

12.2.1.1 - Results of generic models

Two different aquifers were invoked - an unconsolidated pyroclastic deposit and a vesicular lava
flow - that differ in flow and elastic properties. They show significantly different poroelastic
behaviour, which is mostly due to the difference in stiffness. The simulated strain due to an
instantaneous magma chamber pressurization of 10 MPa leads to centimetres of hydraulic head
change in the softer pyroclastic, but to meters of head change in the stiffer lava flow aquifer. The
initial hydraulic head change profile perfectly mirrors the strain curves (Fig. 2). The dilation (positive
strain) due to the ground uplift above the chamber leads to hydraulic head falls, while the
compression (negative strain) at radial distance from the centre of the computational domain causes
hydraulic head rises. Strain and hydraulic head change with time due to substantial porous flow in
the hydrological system (Fig. 3).
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Figure 2. Results of the reference simulation, shown as the initial hydraulic head change (blue solid line) and volumetric strain
(red dashed line) along profiles through the two aquifer types: (a) pyroclastic aquifer, (b) lava flow aquifer.
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Both the strain-induced pressure gradient in the aquifers and the topographic gradient due to the
ground uplift (about 4 cm directly above the chamber) induce porous flow, because groundwater
flows from larger to smaller pressure and from higher to lower elevation. These gradients oppose
each other: The topographic gradient points away from the centre of uplift, the pressure gradient
points towards the centre. As the hydraulic head fall in the centre of the pyroclastic aquifer is smaller
than the topographic uplift, gravitational flow dominates over strain-induced flow and hence fluid
flow is away from the centre (Fig. 3a). In the lava flow aquifer, strain-induced hydraulic head changes
are two orders of magnitude larger than the topographic change; therefore, flow in this aquifer is
towards the centre, following the dominant pressure gradient (Fig. 3b). Despite its lower
permeability, the lava flow aquifer shows higher flow velocities, as the strain-induced pressure
gradient in this stiffer aquifer is large enough to overcome not only the topographic change but also
the difference in permeability.
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Figure 3. Upper graphs: porous flow pattern shown for the reference simulation at t=0.1 d: (a) pyroclastic aquifer, (b) lava flow
aquifer. Arrows indicate flow direction at the point where the arrow is attached, their length is proportional to flow velocity
(note: different scales for (a) and (b)), colours show velocity magnitude. Lower graphs show hydraulic head and strain
development with time in the centre of the aquifers. Note the different time scale - flow processes are faster in the lava flow
aquifer.

The hydraulic head continues to fall in the pyroclastic aquifer as water flows away from the
centre of the computational domain, while the opposite flow direction in the lava flow aquifer leads
to a decrease of the initial hydraulic head fall with time (i.e. head increases). Strain changes
simultaneously with hydraulic head due to the poroelastic nature of the aquifers (Fig. 3): With lateral
flow of water away from the centre, the pyroclastic aquifer responds to the removal of pore fluid
with compaction - explaining the change of strain from dilation to compaction. Volumetric strain
increases in the lava flow aquifer. When poroelastic media are subject to strain, some of it is
absorbed by the pore fluid, which manifests as the initial pore pressure change. With equilibration of
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the pressure in the lava flow aquifer due to the flow, this stress absorption effect vanishes and strain
approximates an equilibrium value that represents the strain value in an elastically equivalent, but
dry material.

The effect of the pore fluid and in particular its flow on the hydraulic head and strain signal
underlines the importance of full coupling between solid mechanics and fluid flow processes when
considering well level changes in order to monitor subsurface magmatic processes.

A sensitivity analysis of the tested parameter space revealed most important input parameters.
Well level changes are particularly sensitive to chamber volume, shape and pressurization strength,
followed by aquifer permeability and the phase of the pore fluid. The depths of chamber and aquifer,
as well as the aquifer's Young's Modulus also have significant influence on the hydraulic head signal.
While source characteristics, the distance between chamber and aquifer and the elastic stratigraphy
determine the strain field and its partitioning, flow and coupling parameters define how the aquifer
responds to this strain and how signals change with time. Here, we present those results from
parametric studies that are most important for the comparison of traditional analytical (e.g. Mogi,
1985) with novel numerical deformation models - for full details please refer to Strehlow et al.,
(2015).

A significant simplification in analytical volcano deformation models is the inherent assumption
of mechanical homogeneity of the crust. Our studies show that not only the aquifer's absolute
stiffness, but also its stiffness relative to the surrounding crust is important. The ratios of elastic
properties of the three rock layers are defined as ERy=En/Eaq and ER=E./E.q, With E,q, En and E being
the Young's Modulus of the aquifer, the host rock and the cap rock, respectively. A larger ER,, for a
fixed E,q indicates a stiffer host rock and results in a smaller strain in the aquifer and hence smaller
hydraulic head change (Fig. 4a-b). The relative cap rock stiffness ER, has negligible influence when it
is small (unless in cases with small ERy,), but becomes increasingly important when the cap rock
stiffness is close to or larger than that of the aquifer (ER, >1): A sufficiently stiff cap rock decreases
the hydraulic head change and can even change its sign to a head rise. This "sign-flipped" signal
increases with larger ER; (Fig. 4a-b). The ER; value at which the strain sign is flipped ("ERc.nip") is
determined by the geometry of the system, in particular by the distance between aquifer and
magma chamber and the thickness of the cap rock (cap rock thickness: Fig. 4c).The shorter the
chamber-aquifer distance and the thicker the cap rock layer, the smaller is ER.jp.

The elastic stratigraphy determines how strain is partitioned in the crust and how it changes at
the boundaries between layers (Fig. 4d). A sufficiently stiff cap rock prevents the dilation of the
aquifer and turns the dilatational strain into compression at the host rock - aquifer boundary, hence
causing sign-flipped signals. In the reference set-up, the cap rock needs to be two orders of
magnitude stiffer than the aquifer. In a different geometrical setting, however, a perhaps more likely
geological situation can be imagined in which a sign-flipped response can be expected. For example,
a cap rock that is only three times stiffer than the aquifer can already lead to a sign-flip, if the aquifer
is about 1 km depth (Fig. 4c). Pyroclastic deposits show a range of stiffnesses due to different
lithologies, rates of consolidation or grain size distributions and this situation is particularly feasible
at stratovolcanoes.
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Figure 4. Influence of the elastic stratigraphy on the central, initial hydraulic head change Ah, shown using the ratios of
Young's Moduli. (a) pyroclastic aquifer, (b) lava flow aquifer. (c) Behaviour of central initial head change in the pyroclastic
aquifer with ER; for different cap rock thicknesses d.. (d) Vertical strain profiles through the centre of the domain from 2 km
depth to the surface, for different elastic stratigraphies: the two reference simulations and a setting in which the sign of strain
(and consequently hydraulic head) is flipped from dilation to compression due to a sufficiently stiff cap rock (ER;=1000).

The subsurface stress and strain fields are also substantially dependent on the shape of the
chamber. For oblate chambers, the aquifer area that is exposed to vertical stress is larger than for
prolate chambers and it is therefore subject to stronger strain. Additionally, the centre of an oblate
chamber is shallower than the centre of a prolate chamber (as the depth of the chamber top is fixed
in the simulations). Chamber morphology can change the hydraulic head signal by an order of
magnitude. The signal amplitude is highest for oblate chambers, intermediate for a sphere and
smallest for prolate chambers (Fig. 5).

o
o
o

Radial distance (km)

8

- - _

E (@) E ]

@ 4] -

g o — g u#

% f Jg )

2 00 i -b=250m | = 2, f =be250m

g ' = b=500m ] i (= b=500m

£ p —b=750m £ =40 [=b=750m |

L%} i wmb=1000m &= J b= 000m

3 -0 =t 250m)| 2 st | =b=1250m|

- ! b=1500 = |~ b=1500

el — = el =

| ) _ =b=2000 £ o _ _ |=b=2000 |
g 0 15 20 5 10 15 20

Radial distance (kmj)
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the initial hydraulic head change profile through the aquifer. Aspect ratio is changed by varying the vertical half radius b of an
ellipsoid; oblate shapes have b < 1000 m, prolate chambers correspond to b > 1000 m. (a) pyroclastic aquifer, (b) lava flow
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12.2.1.2 - Implications of generic model results

Our results show that well levels and the flow in aquifers can indeed reflect the deformation at
volcanoes, suggesting that their implementation in volcano monitoring systems could provide
insights into subsurface processes causing the strain. However, water levels are also influenced by a
number of other processes (e.g. meteorological or hydrothermal), although these can often be
excluded by means of information from other monitoring systems and knowledge of the local
hydrology. Simulated initial hydraulic head change perfectly mirrors the strain, therefore - if the level
changes are thought to be caused by strain - volumetric strain in the aquifer can be directly inferred
from measured water level changes using strain sensitivity, the change of hydraulic head in the
aquifer in meters per unit applied strain. This material property can be assessed by tracking water
level changes as a result of predictable excitations (e.g. earth tides). However, the strain sensitivity
value determined from aquifer responses to known strains only provides accurate strains when
applied to the initial hydraulic head change, as it does not take flow and resulting poroelastic
changes into account. Dense time series of well data are necessary to catch this initial response.

If strain sensitivity has been accurately used to infer volumetric strain, we still face the problem
of interpretation of this signal. The source of volumetric strain can be inverted for with analytical
volcano deformation models. However, these models commonly assume a source in a homogeneous
half space and some only consider spherical or point-like chambers (e.g. Dzurisin, 2007, and
references therein). Additionally, all previous approaches to model surface deformation induced by
reservoir inflation assumed a concept of "dry deformation”, i.e. they neglect the effect of pore fluids.
Our results underline that any model using these simplifications will likely be inadequate for
interpretation of poroelastic processes. Chamber shape is one of the two most important
parameters influencing the hydraulic head signal up to an order of magnitude. The coupling between
the solid matrix and its pore fluid - in particular its flow - alters the signal with time and can render
strain sensitivity values useless. Furthermore, the assumption of a homogeneous half space is
precarious as volcanoes are strongly heterogeneous - several previous studies have already shown
that mechanical heterogeneities in the subsurface affect the ground deformation at volcanoes (e.g.
Folch and Gottsmann, 2006; Manconi et al., 2007; Geyer and Gottsmann, 2010). We have shown
that this also applies to hydraulic head change and consequently derived strain, which can
significantly deviate from signals in a homogeneous crust. Especially in settings with a sign-flipped
signal, this influence becomes crucial: The hydraulic head rises and hence interpretation of the
hydraulic head data alone would suggest a deflating chamber, while in reality it would be inflating.
We investigated the ground deformation signals to test whether tracking volcano deformation could
aid with this interpretation problem. Indeed, surface deformation does not change sign and shows
inflation of the ground also in the sign-flipped cases and can hence be used to indicate that the strain
in the aquifer is sign-flipped. This underlines that well monitoring is possibly most valuable in
conjunction with other geophysical and geochemical monitoring systems.

Our parametric studies show how poroelastic aquifer responses are influenced by a variety of
source, geometric and aquifer parameters, which each have the potential to significantly alter the
signal amplitude and development with time and space. Common analytical models do not
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satisfactorily capture the complex subsurface mechanics leading to strain-induced well level changes,
highlighting that their challenging interpretation requires sophisticated numerical models. Due to
the ambiguities of stress and strain modelling and our insufficient knowledge of the subsurface, the
inversions of water level signals will likely always remain non-unique; however, the simulated water
table changes do mirror volumetric strain and are sensitive to source parameters. Therefore, the
presented models provide a framework for interpreting well data to provide important insights into
pre-eruptive dynamics.

12.2.2 - The 2000 Usu eruption

Following a 4-day precursory phase of intense seismicity and increasing ground deformation, Usu
volcano (Japan) erupted on 31 March 2000 after 22 years of quiescence (e.g. Jousset et al., 2003;
Zobin et al., 2005). Activity consisted of phreatic and phreatomagmatic explosions (Yokoo et al.,
2002) that produced 0.001 km?® of tephra (Matsumoto and Nakagawa, 2010). Explosive activity was
followed by a cryptodome formation leading to large ground deformation (Tobita et al., 2001).
Several deformation sources were active prior to and during the eruption, suggesting a complex
intrusion process. From deformation, seismic, petrological and gravity data, the following model -
schematically shown in Fig. 6 - of pre-eruptive subsurface magma movement emerged (Yamamoto et
al., 2002; Jousset et al., 2003; Matsubara and Yomogida, 2004; Yamagishi et al., 2004; Tomiya et al.,
2010): Usu's deeper magma chamber at about 10 km depth was gradually inflating until 2 days
before the eruption and deflated rapidly when magma migrated upwards. Magma was injected into
the shallower chamber at 4-5 km depth beneath the Southwestern part of the summit, leading to
inflation of this chamber. The simultaneous overpressurization of the chamber eventually triggered
the eruption: magma moved towards the surface in a Northwestern direction through an inflating
fissure zone. Shallower deformation sources (e.g. at 2-3 and 0.25-2 km depth) are interpreted as
intrusions that formed during this magma ascent towards the eruption site.

Significant pre-eruptive water level changes were recorded at several monitoring wells around
the volcano, as also reported for previous historic eruptions (Yokoyama and Seino, 2000).
Matsumoto et al., (2002) describe data recorded at two wells 6.1 and 8.8 km from the summit,
respectively (Fig. 7), where water levels increased simultaneously with seismic activity. Starting on 28
March, the more proximal well (DT1) showed a water level increase of 4.07 m, before it began to
discharge water at 0.4 m>/min on 30 March. The total rise is estimated as 9.7 m. The water level at
the more distal well (DT2) started to rise on 29 March and increased by 0.95 m. Water levels started
to decrease after the first eruption on 31 March.

Matsumoto et al., (2002) have interpreted these changes as poroelastic responses of aquifers to
the inflation of a spherical deformation source at sea level, i.e. about 700 m depth beneath the
central summit. They suggest a simple analytical deformation model (Mogi, 1958) to explain the
observations, but agreement of model predictions and observations, especially at well DT1, is poor.
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Figure 6. Conceptual model for the magma plumbing system and magma movement at Usu prior to the 2000 eruption,
derived from seismic, geodetic and petrological data. Note that, while depths are fairly well constrained, chamber
morphologies are not. Modified from Yamamoto et al., (2002).
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Figure 7. Map of Usu volcano with locations of wells (DT1 and DT2) and GPS stations (DATE, OHD, UVO, KON). Also indicated
are locations of eruption craters during the 2000 eruption.
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12. 2.2.1 - Application of developed models to precursory water level changes at
Usu volcano

We adapted the model from our generic studies to incorporate available information on aquifer
properties, deformation sources and surrounding lithologies at Usu volcano. Starting from the
simplest model set-up - a spherical deformation source and a homogeneous aquifer - we iteratively
added complexities to fit observations, including varying chamber morphologies and aquifer
heterogeneities. To test the applicability of each set-up, we systematically varied parameters and
compared model results to the well level changes at DT1 and DT2, as well as displacement recorded
at the GPS stations DATE and OHD (Fig. 7), which served as constraints for the desired model results.
We focused on changing deformation source properties and flow properties (permeability) of the
aquifers.

Our simulations showed that a single deformation source is not sufficient to explain observed
aquifer pressure changes - and we tested for a variety of source depths, shapes and strengths. Only
the inclusion of a secondary, more shallow-seated source led to the aspired steep lateral gradient in
well level changes.
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Figure 8. Suggested model set-up that provided simulated hydraulic head changes matching observations. Boundary
conditions are as indicated in Fig. 1. A simplified topography of Usu is invoked in the form of a 6km diameter cone with a
height of 735m. The shallow deformation source has an aspect ratio of 28, the deep deformation source has an aspect ratio of
2. Two set-ups are suggested as a possible solution, differing in deformation source depths and strengths: S1 stands for
solution 1, S2 for solution 2.

We fixed the depth of the deeper deformation source at 4 km, representing the depth of Usu's
shallower magma chamber, which is reasonably well constrained. Two preferred model set-ups
emerged from parametric sweeps regarding the depth of the secondary, shallower source, source
morphologies, volumes and pressurization strengths. Both suggested set-ups (illustrated in Fig. 8)
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invoke a shallow-seated oblate deformation source and a deeper-seated almost spherical source
(aspect ratio of 2). Additionally, a heterogeneity in aquifer permeability was necessary to
satisfactorily fit the data. While both models reproduce observed well level changes prior to the
eruption with an excellent fit (Fig. 9a), there is a trade-off between agreement of model results with
recorded deformation data at DATE and the agreement with station OHD (Fig. 9b and c).
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Figure 9. (a) Observed and simulated well level changes, S1 stands for solution 1, S2 for solution 2 (see Fig. 8). (b) Observed
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Due to the large number of parameters, this is clearly a non-unique solution, and several
simplifying assumptions have been made. These include a simplified topography and an
axisymmetric model set-up, which do not represent Usu's architecture accurately and can therefore
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lead to errors in the simulated strain distribution. This is the most likely explanation for the apparent
inadequacy of our models to explain both proximal and distal ground deformation. However, our
results demonstrate that strain caused by inflation of the magma chamber at 4 km depth in
combination with a shallow strain modulator can indeed explain the observed well level changes
prior to the eruption. In line with results from other studies (Yamamoto et al., 2002; Jousset et al.,
2003; Matsubara and Yomogida, 2004; Yamagishi et al., 2004; Tomiya et al., 2010), our simulations
suggest that (at least) two deformation sources were active during the unrest just prior to the 2000
eruption. The 2 sources in our preferred model set-ups can be related to pre-eruptive magmatic
processes at Usu: The deeper deformation source at 4km depth represents Usu's shallower magma
chamber (Fig. 6) that inflated prior to and during the eruption due to an injection of magma from
greater depths.

Interpretation of the shallower deformation source is less straightforward. Previous studies
employing deformation and gravity data have suggested magmatic intrusions at shallow depths
(0.25-2 km and 2-3 km, respectively) as origins for the observed deformation and gravity transients,
formed during magma movement from the chamber towards the eruption site (Furuya et al., 2001;
Okazaki et al., 2002). However, it has been pointed out by Tomiya et al., (2010) that these magma
bodies cannot be large and long-lived but instead solidified quickly after emplacement. The sill
suggested by our simulations on the other hand has a volume of 11 km® and a lateral extent of about
8 km. We therefore suggest the pressurization of a hydrothermal system as an alternative for a large
shallow deformation source. The abundance of water and porous lithologies have favoured the
development of hydrothermal systems at Usu volcano in association with its past eruptions
(Symonds et al., 1996; Matsushima, 2003). The pressurization of hydrothermal reservoirs can cause
significant unrest signals at the surface - including well level changes, changes in fumarolic flux and
composition, and crustal deformation - and has been proposed for several volcanic systems (Dzurisin
et al., 1994; Montalto, 1996; Gottsmann et al., 2007; Peltier et al., 2009; Chiodini et al., 2011;
Capasso et al., 2014). The processes of fluid and heat flow have been extensively modelled in both
generic and applied case studies (Delaney, 1982; Hayba and Ingebritsen, 1997; Chiodini et al., 2003;
Todesco et al., 2003; Hutnak et al., 2009; Rinaldi et al., 2010; Chiodini et al., 2012; Fournier and
Chardot, 2012; Coco et al., 2016). Three possible mechanisms for this hydrothermal pressurization
can be envisaged: (i) the injection of magmatic fluids from depth (ii) the intrusion of magma directly
into the reservoir and (iii) the perturbation of a hydrological system that is superheated, causing
flashing of the pore water. Some supporting evidence can be found in observations during the
eruption. A sudden water level increase of more than 100 m 3 days after the eruption at another
well (Shibata and Akita, 2001) suggests the existence of highly pressurized water at depth, which was
then suddenly released. Low frequency earthquakes have been interpreted as signals of ascending
fluids through a crack (Matsubara et al., 2004; Matsubara and Yomogida, 2004). Finally, the intense
interaction of ascending magma and water-bodies in the crust, entailing explosive vaporisation of
pore water, manifested in phreatic eruptions.

The observed pre-eruptive water level changes at Usu volcano indicated shallow magma
movement and possibly the pressurization of a large hydrological system prior to the eruption.
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Previous studies on hydrothermal pressurization focused on non-eruptive unrest episodes, but the
effects of pre-eruptive magma ascent and degassing on hydrological reservoirs are far from fully
understood. Future research efforts invoking larger volumes of involved magmatic fluids, higher heat
flow and the possibility of magmatic intrusions into hydrothermal reservoirs will improve our
understanding of magma-water interactions and associated monitoring signals in the forerun of
eruptions.

Knowledge on subsurface magmatic processes is important for eruption forecasting. Therefore,
we propose that the monitoring of well water levels could provide valuable additional data for
routine volcano monitoring. This case study underlines that overly simplified deformation models
are inadequate to interpret water level changes, but shows that coupling of fluid and solid
mechanics provides plausible explanations for the observed geodetic and hydrological time series at
Usu volcano. The presented models are superior to models based on overly simplistic assumptions
on reservoir shapes and crustal mechanics and represent the next step towards the interpretations
of well data as part of volcano monitoring.

12. 3 - Hazards: The statistics of phreatic eruptions at Ruapehu Crater Lake, New
Zealand (reproduced from Strehlow et al., 2017)

Phreatic eruptions are caused by the explosive expansion of water, steam and/or other gases and
occur at many different volcanoes around the world. Overshadowed by larger magmatic events, they
have been comparatively understudied, but recent tragic events at Mayon in 2013 (Philippines, 5
casualties) and Ontake in 2014 (Japan, 57 casualties) demonstrate that the impact of localised
phreatic eruptions at frequently visited, apparently quiescent, volcanoes is not to be underestimated
by the authorities. Despite their relatively small explosive magnitude, phreatic eruptions still pose a
serious hazard, especially to people in the proximity of the crater. Hazards include ballistics, pressure
waves, surges and lahars (e.g. Neri et al., 1999; Le Guern et al., 1980). A particular threat lies in the
difficulty to identify the commonly very short-lived and highly localised precursors that makes
forecasting steam-driven explosions very challenging.

The active stratovolcano Ruapehu in New Zealand hosts a hot acidic crater lake covering an active
hydrothermal system that is origin of frequent phreatic explosions (Kilgour et al., 2014); 270 phreatic
eruptions have been recorded since 1940. We investigated its detailed eruption catalogue (Scott,
2013), which offers an exceptional opportunity to study the statistics of recurring phreatic events.
This can unravel possible statistical patterns in phreatic explosion occurrence and support the
assessment of risk to people in the summit area, which is frequently visited by hikers.

12. 3.1 - Results of the statistical analysis

The phreatic explosions are not evenly distributed in time - there are periods of increased activity
and periods of relative quiescence (Fig. 10a). The known magmatic phases are preceded by an
increase in phreatic activity. Averaging eruption frequency over the whole time span from 1940 until
January 2016, the overall probability for an eruption to occur within the next month is 10%.
However, there are periods with a higher eruption frequency than others. Periods 2, 3 and 4 as
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indicated in Fig. 10a precede magmatic phases and show a significantly higher relative occurrence of
months with eruptions of 31, 32 and 17%, respectively. For comparison, period 1 - between July
1946 and March 1966 - has an eruption frequency of only 6%. In the time since the last magmatic
phase in 1997, the average eruption occurrence has been even lower: 3%.
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Figure 10. (a) Cumulative number of phreatic eruptions with time. Since we only considered the phreatic sub-dataset and
magmatic eruptions could have occurred in gaps of phreatic activity, we cross-checked for magmatic eruptions in the original
catalogue during longer periods of phreatic quiescence. Red vertical lines indicate periods of magmatic episodes during
phreatic quiescence; red boxes indicate major magmatic episodes as identified by Scott (2013). Labelled grey boxes at the top
indicate periods 1-4 with different explosion frequencies as discussed in the text. (b) Phreatic eruptions of different scales
over time.

Phreatic eruptions at Ruapehu are classified into 4 scales, depending on the area covered by
eruption deposits (Scott, 2013). Smaller-scale eruptions occur more frequently than larger ones (Fig.
10b). However, no statistical significant relationship between inter-eruption time (IET) and eruption
size can be proven.

The average IET is 9 months, with a standard deviation ¢ of 14 months. Therefore, the coefficient
of variation (Cox and Lewis, 1966) is CV = o/IET = 1.6. This value is a good indicator of the statistical
nature of processes: A Poisson process has a CV value close to one, while CV<<1 indicates that
events occur regularly and a value >1 is typical for a clustering process. Therefore, it seems that
phreatic eruptions at Ruapehu cluster. A x’-test confirms that the phreatic events do not follow a
Poisson distribution (p-value of 0.0135).

It has previously been suggested that phreatic eruptions at Ruapehu correlate with lake
temperatures: Ruapehu Crater Lake shows thermal cycling, with temperatures varying irregularly
between 10 and 60° C, and increased phreatic and/or phreatomagmatic activity typically coincides
with periods of higher lake temperatures (e.g. Christenson and Wood, 1993). The elevated heat flow
through the hydrothermal system indicates a more shallow-seated magma source that could
enhance eruptive activity. Since 1960, when regular monitoring began, only 3 eruptions have been
observed during periods of decreased heat flow. These have been interpreted to result from
pressure build up in a sealed hydrothermal system (e.g. Christenson et al., 2010).
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To test whether there is a link between lake temperature and phreatic eruptions, we define
temperature bins in 5° C intervals and compare the relative frequency of pre-phreatic eruption
temperatures to a baseline dataset (Fig. 11). There is a wide range of pre-eruptive temperatures, but
the mean pre-eruption temperature is significantly higher than the mean recorded lake
temperature, and more than half of the eruptions follow lake temperatures higher than 40° C (Fig.
11b). This is in line with findings of previous studies (e.g. Hurst, 1981). While there might be some
sampling bias, this supports the theory that phreatic explosions are more frequent during periods of
a shallower seated magma - which is consistent with an increased frequency prior to (or indeed
within) magmatic phases. The differing heat input from the magma column at depth is a possible
reason for the clustering of phreatic explosions.
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Figure 11. (a) Relative frequencies and (b) cumulative frequencies of observed lake temperature in comparison to pre-
eruptive lake temperatures. Temperatures were measured irregularly. The baseline dataset includes a temperature for each
day where data are available. The pre-eruption dataset includes the final temperature measured before each phreatic
eruption as long as the measurement was less than 2 weeks before the eruption.

12. 3.2 - Probabilistic hazard assessment for phreatic eruptions at Ruapehu
volcano

Following the statistical analysis, we performed a probabilistic assessment of the hazard due to
ballistic ejecta (with a clast diameter >20 cm) in the summit area of Ruapehu using PyBetVH (Tonini
et al., 2015), a Bayesian event tree model for long-term probabilistic volcanic hazard assessment.
Prior knowledge (e.g. model results or a priori beliefs) are combined with frequencies from the
catalogue and the procedure accounts for both the aleatoric and epistemic uncertainty. To gain prior
knowledge on the ballistic hazard, we developed a MATLAB® procedure, which generates a large
number of random input parameters for ballistic flightpaths, calculates the respective ballistic
trajectories and thereby derives a probability density function for impact densities for the different
areas on the summit. It takes into account Ruapehu's topography as well as the existence of 2 vents
that show differing eruptive behaviour. The simulated mean impact densities vary with distance
from the crater as well as the cardinal direction - being substantially greater on the northern side of
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the lake - due to the varying topography of the summit and the influence of the northern vent that
produces directed blasts.

Absolute probability (average) for areas to be affected by a ballistic impact density >0.001
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Figure 12. Absolute probability for areas to be affected by a ballistic impact density F > 0.001 within the next month, (a)
average, (b), (c): 10th and 90th percentile, respectively.

The absolute probability for areas to be affected by ballistics (with an impact density >0.001
clasts per mz) within the next month is larger than 1% up to 900 m away from the lake centre on the
northern shore, and up to 500 m away on the other shores (Fig. 12). It increases to about 6% closer
to the lake. Figure 13 shows hazard maps for the ballistic impact density conditional to the
occurrence of an eruption of scale 2, 3 and 4, respectively (eruptions of scale 1 do not produce
ballistics beyond the lake shore). These maps give the ballistic impact density expected to be
exceeded during an eruption in 1% of the cases. Most significant is the extended hazardous area on
the northern shore for eruptions of scale 4, where, in 1% of the cases, the impact density exceeds
0.01 clasts/m? up to 2 km away from the vent. This impact density roughly corresponds to a 10%
chance of a person present on the summit being hit by a ballistic large enough to cause injury. The
maps also indicate infrastructures on the summit, which are likely whereabouts of people and can be
damaged by ballistics. The location of the dome shelter is within the most hazardous area for scale 3
and 4 eruptions; ballistics of a scale 4 eruption can even reach ski lifts on Ruapehu's northern flank.
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Hazard map laverage) at a probahility of 1%, conditional to an eruption
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Figure 13. Hazard maps for the ballistic impact density at an exceedance probability of 1%, conditional to a phreatic eruption
of scale 2, 3 or 4, respectively.

12. 3.3 - Implications of the statistical study at Ruapehu volcano

The presented insight into the statistics of phreatic events can raise awareness of the everyday
threat posed by steam-driven explosions, which often occur without any precursors or warning time.
In particular, they support the local hazard assessment at Ruapehu. Clustering of events implies that
one can expect more phreatic explosions to follow once the system is reactivated. Since shorter IET
are generally more likely than longer periods of quiescence, this also suggests that a bigger phreatic
event is more likely within a few years after a phreatic explosion than during a prolonged quiet
phase of the volcano. While Ruapehu currently seems to be in a quiet phase, a magmatic phase is
likely to be preceded by an increase in phreatic activity - an up to 10-fold increase in explosion
frequency has been recorded in the past.

At any time, there is a non-negligible probability for the summit area to be affected by ballistics.
Conditional to a phreatic eruption, large areas are likely to experience an impact density sufficient to
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threaten people present on the summit. Generally, there is a higher hazard on the northern shore of
the lake - which is important, because the dome shelter on the summit is built there. While ski lifts
are only mildly threatened by ballistics from a scale 4 eruption, the dome shelter lies within the most
hazardous zone for scale 3 and 4 eruptions and there is an absolute probability of more than 2% that
the shelter is affected by ballistics within the next month. However, our hazard and probability maps
show that the hazard due to ballistic ejecta is mostly constrained to a ring of a few hundred metres
around the crater lake - at least on the eastern and western lake shore. If a precursory signal for a
phreatic explosion is identified, even a short warning time could therefore be sufficient to relocate to
safer areas.

12. 4 - Overall conclusions and outlook

The manifold interactions of hydrological and magmatic systems result in a plethora of
phenomena, most of which are still poorly understood. Some of these phenomena can be beneficial
for society, because they produce observable hydrological signals that precede eruptions and can
therefore serve as a warning. Aquifers modulate the signals of monitoring systems such as the
recording of ground deformation, and also generate unrest on their own. The ultimate goal of
volcano monitoring - to forecast volcanic eruptions - can only be achieved if we correctly interpret
the recorded signals. To make accurate inferences about the state of the volcano we therefore need
to improve our understanding of how volcanic unrest is generated - an inherently non-unique
process - and how signals are altered on their way through the crust. This NEMOH project focused on
one of these potentially beneficial hydrological signals: strain-induced water level changes. Our
models explain recorded well level changes and can be used to infer underlying magmatic processes,
as shown by the Usu case study. Many cases of reported or suggested water level changes remain to
be investigated, for example at Hekla volcano (Stefanie Hautmann, pers. comm.), Krafla volcano
(Stefansson, 1981) or Kilauea (Dvorak, 1992). But more importantly, our models can improve the
inversion of future well level signals recorded at active volcanoes and thereby could assist in
eruption forecasting. A challenge for future research will be to couple the poroelastic models with
additional processes that affect the hydrology at volcanoes, such as hydrothermal fluid injections or
increased conductive heat flow following dike intrusions. Furthermore, there are still a variety of
hydrological unrest signals that require more in-depth investigation. These include water
temperature and composition changes, hydrologically altered seismic and gas chemistry signals as
well as hydrologically induced ground deformation and gravity transients.

The second focus of this NEMOH project was on phreatic eruptions, which have recently
attracted attention through events at Mayon (2013) and Ontake (2014). In both cases, an
unexpected phreatic explosion was fatal for hikers on the slopes of the volcano, leading to the death
of 5 and 57 people, respectively. Especially Ontake is a popular tourist attraction and normally
assumed to be safe. The results shed some light on the underlying statistics of recurring phreatic
explosions at a hydrothermal system and our generated hazard maps contribute to local hazard
assessment. Our statistical approach hopefully contributes to a change in the perception of risk due
to steam-driven explosions and prompts similar studies for other volcanoes.
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Abstract

This paper presents the space-time finite element formulation of the Navier-Stokes equations for 2D
deforming domain problems. The governing fluid equations are transformed in pressure primitive variables
which are valid to compute both compressible and incompressible flows. In order to compute the deformation
of internal mesh nodes subject to given boundary conditions, elastic deformation technique is incorporated.
Both systems of equations are solved separately and the algorithm employed to couple the two systems is
reported. Flow around a moving cylinder at Re 40 and a broken dam are chosen as test cases for comparison
and validation of the deforming domain flow model. Afterwards, the proposed numerical model is applied to a
volcanic application to obtain the preliminary results of magma chamber dynamics when the chamber is shaken
by a near-field earthquake.

Keywords: Finite element method, numerical modelling, volcano, magma dynamics, earthquake

13. 1 - Introduction

Flows with free surfaces and moving interfaces find a wide range of applications in many
interdisciplinary fields. Fluid dynamics in deforming domains allows the computation of several
complex problems. In particular, it allows the application to the natural case of a magma chamber
shaken by a near-field seismic wave. This is a relevant issue in volcanology since the relation
between the impinging of an earthquake on a magma chamber and the induced magma dynamics
that can trigger an eruption is still an open problem. Earthquakes and volcanic eruptions are two
phenomena which usually occur at the meeting boundary of converging and diverging tectonic
plates. Seismic swarms are often observed in proximity to active volcanoes. This indicates that the
seismic signals observed by monitoring networks at the surface of volcanoes can be directly related
to the motion of magma taking place somewhere underneath. Several models have been developed
in the recent past to study the deformation induced by the magma dynamics (Battaglia et al., 2013,
Currenti et al., 2010). Mogi’s magma intrusion model is one of the most widely used to predict the
observed deformation of active volcanoes (Bonafede et al., 2009). The model simulates a small
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spherical expansion source embedded in a homogeneous, isotropic, solid half-space. Further studies
and the development of new models aimed at depicting the accurate deformation and strain as a
result of applied magmatic forces are still an active area of research. Conversely, the impact of near-
field earthquakes on the magma dynamics has not been explored in detail. It is thought that there is
not much impact of the former event on the latter. Nevertheless, there have been a few studies in
which a large-scale change in magma dynamics induced by seismic waves, even triggering an
eruption in some cases, has been proposed. During his journey in Chile when an 8.5 magnitude
earthquake struck in 1835, Charles Darwin reported that at least three volcanoes erupted there in
the aftermath of the quake (Lomnitz 2004). The most unambiguous case of triggering is the
November 29, 1975, magnitude 7.2 Kalapana, Hawai earthquake, which was immediately followed
by a small and short-lived eruption at Kilauea volcano, Hawaii (Jachens et al.,, 1980). Another
example of possible triggering occurred after the 9.5 magnitude earthquake on May 22, 1960, in
Chile. Puyehue-Cordn Caulle in Central Chile, an inactive volcano for more than 25 years, erupted
violently about 38 hours after the main shock (Lara et al., 2004). On the contrary, there are also a
number of cases where no eruption was recorded after a proximal earthquake. Chile 2010 is one
among these examples in which no activity was observed after a magnitude of 8.8 earthquake struck
(Lay et al., 2010). Another case occurred in Japan where a magnitude 9.0 earthquake struck in 2011,
resulting in no eruption (Shinji et al., 2011).

Although no eruption occurred in these cases, understanding the internal dynamics is crucial
from a possible hazard point of view. High amplitude seismic waves passing through a magma
reservoir may destabilise the system which was in a state of a semi-equilibrium prior to the arrival of
seismic wave. The destabilisation can help the mingling/mixing of stable layers of magmas, with
different composition, and can result in giving momentum to the dynamics. The objective of this
work is to study this phenomenon by means of numerical modelling as well as to examine the
scenario of development of magma dynamics. The article is structured as follows. We begin with the
description of the physical model followed by the details of the numerical method used to solve the
mathematical equations. The numerical model and the associated code are validated on selected
benchmark cases and are applied on a volcanic test case. We present and discuss the preliminary
results obtained from the simulation and finally draw the conclusions.

13. 2 - Physical model

Magma is a complex chemical fluid mixture of oxides and volatiles. Depending on the gas content
and local velocity, magma can be compressible or incompressible at the same time, in different parts
of the domain. In order to depict this variable behaviour, physical and mathematical models should
be able to work for both compressible and incompressible regimes. For this purpose, the
compressible Navier-Stokes equations are considered which also work in the incompressibility limit.

The governing equations for compressible fluid flow, along with specified Dirichlet and Newmann
boundary conditions, can be written in the compact form as follows:
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U,+F!,=F! +8 on QCR", t>0 (Equation 13.1)
Uu=U, on I, t>0
(F¢+F)-n;=h on T t>0

where () denotes the Eulerian time derivative, Q is the spatial domain in n dimensions and
U = plyx., v, E] is the vector of conservation variables. T’ is the Dirichlet boundary and U, is the

vector of Dirichlet boundary conditions. F'{ and Ff are respectively the advective and diffusive flux
vectors in it" direction and are given by

PUYk Jik
F{ = |pvjv+d;p Fé = T
pvi 2 4 vip TijVj — G

T';, is the Neumann boundary and h is the vector of Neumann boundary conditions. n; is the unit
outward normal vector in i*” direction. § = [0, b, b;v; + 7] is the source vector.

The compact form equation 13.1 represent the conservation of mass for each component (two
components are considered in this study) and conservation of momentum and energy for the
mixture. In the relations p is the density; yy is the weight fraction of kth component; v = {v; }is the
velocity vector; E is the total energy density; p is the pressure; § = {d;;} is the Kronecker delta;
T = {Tij} is the viscous-stress tensor; 8, = de; and T; = Te; where e; is the unit basis vector in the
i*" direction; JF is the mass diffusion flux of component k in the i" direction; ¢ = {g;} is the heat-
flux vector; b = {b;} is the body force vector per unit mass; r is the heat supply per unit mass; and
the summation convention is assumed throughout. The total energy density is the sum of the
internal energy e, and the kinetic energy v2/2. The equation of state and relevant constitutive
relations between all the thermodynamic quantities such as pressure, Gibbs free energy, chemical
potential, enthalpy, temperature, density etc. can be found in appendix A of (Longo et al., 2012).

13. 3 - Numerical method

In deforming domain problems, the computational difficulty arises from the changing boundary
part. The motion of fluid mechanics domain needs to be accounted for in the differential equations
and boundary conditions. This makes our problem two-way, where the second unknown is the
motion of fluid domain. A space-time finite element method (ST-FEM) is used to solve the fluid flow
equations and in order to move the computational mesh, we use the elastic deformation technique.
Both problems are solved iteratively and coupled for each time step with applied boundary
conditions. The following algorithm is implemented to couple the systems.
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Step 1. Solve the Navier-Stokes equations 13.1 by ST-FEM on a given domain Q(t,) at time ¢,.
Compute fluid variables pressure, velocities and temperature.

Step 2. Compute the fluid deformation from fluid velocities at moving boundaries. Solve the
elastostatic equations passing fluid deformation as boundary conditions and compute the
deformation u of internal nodes of the mesh.

Step 3. Obtain the new domain Q(t,,11) = Q(t,) + u.

Step 4. Make the space-time slab (Figure 1) and go to Step 1 with domain Q(t,11).

z

Figure 1. lllustration of space-time domain, slab and an element.

The details of the techniques to solve the fluid and elastostatic equations are given as follows. For
the fluid, we start by writing the quasi-linear form of Text in any independent set of variables Y.
The equations can be written as

A)Y 1+ AY ;= (K;;Y ;). + S (Equation 13.2)
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where Ag =U y, A; = F}y is the i" Euler Jacobian matrix and K = [K ;] is the diffusivity
matrix with K;;Y ; = F{. Next step is to formulate the weighted residual formulation of Equation
13.2. For this, we consider a space-time domain Q= Q x (0,t;,;) with boundary
P =T x (0,t1), where § is the spatial domain with boundary I". The time interval (0,¢::) is
subdivided into N intervals (t,,t,4+1) withtp =0and n =0,1--- , N — 1. For each time interval a
space-time slab is defined as Q,, = Q X (t,, t,+1) with boundary P, = T" X (ty,, tn+1). As displayed
in Figure 1, each space-time slab is divided into (n.), elements @ with discontinuous basis
functions across the slab boundaries in time-direction. The space-time finite element weak
formulation of equation equation 13.2 is written as follows: given a trial function space T" and
weighting function space V", within each Qn n=01.---N-—1, find Y" € T" such that
Y Whevh

/ (—Wf; U™ —Wh . FY" + W FUY") - W s) dQ

n

[ (W) U 600 - W) U () do
JQ

(net)n (net)n

+ Z/ L'Wh.r LYh dQ+ Z/ vg" W . AgY'"dQ

_/ wh. (—F‘;(Yh) + F?(Yh)) n; dP =0 (Equation 13.3)

In the above formulation the first and the last integrals are the Galerkin terms obtained by

integration of parts and are written as a function of Y. The second integral is the jump term to

enforce continuity of the solution between consecutive slabs wittt = lin%(t+e)h and
e—

T = liné(t—e). The third integral is the least-square stabilisation operator with
€e—
0 0 / ;0 )
L=A A; d L =A,- o
9 oy, 2" 9t i,

integral is the discontinuity capturing operator. For compressible flows in the presence of shock
waves, it is necessary to add a discontinuity capturing operator as a dissipation mechanism to
remove the oscillations present near the sharp boundary layers or internal interfaces.

For the discretization of solution variables the space-time shape functions are assumed constant in
time. The trial solution and weighting function are defined as

Nelnodes Nelnodes
Y= Y Ni(2)Yi(tn) We= > Ni(x)W(tn)

=1 =1
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where N;(z), Y; and W, are the spatial shape functions, vector of unknowns and weighting
functions at node 7 for space-time element Q5. In case of constant in time, we use the following two
identities for each space-time element

/ L] dQ:At/Q[..] d9 /P”[..] dP:At/F[..] dr

n

Discretization of model equations results in a system of non-linear equations, which are solved
iteratively. For this purpose, a predictor/corrector method of first order is incorporated (Shakib et
al., 1991). The non-linear system of equations is linearised by using Taylor series. In the predictor
phase, for each time step the unknowns are initialized with the solution obtained at the previous
time slab. In the corrector phase, the solution is updated with correction factor computed implicitly.
To solve the deformation of interior nodes of the fluid mesh we solve the elastostatic equations of
motion. The strong form of boundary value problem is given by

V-o=0 on QcCR" (Equation 13.4)
u=u, on I
oco-n—h on Iy

where o = {0;;} = Aug i + 2p(u; j + u;;) is the stress tensor. A and p are the Lamé coefficients.
We denote T" and V" as trial and weighting function spaces. For a given trial function v € T"
and weighting function w” € V", the weighted residual formulation of equation 13.4 is written as:

/ e(w) :o(u) d) = w - h dl’ (Equation 13.5)
Q

I'n

In the above equation, € represents the strain, which depends on the gradient of deformation.
Discretization of the variables by standard interpolation functions results in a set of linear equations.
In order to solve the large sparse systems of linearised equations, a preconditioned block generalised
minimal residual (GMRES) solver is applied (Saad et al., 1986). The solution is approximated by
building a Krylov search space of 200 basis functions with 5 restarts. The total number of iterations is
set to maximum, which is one less than the degrees of freedom. An appropriate preconditioner for
the linear system of equations is necessary to accelerate the convergence of the solver.
Consequently, incomplete lower and upper triangulation decomposition (ILU) preconditioner is
employed, leading to an efficient solution technique for a variety of flow problems.
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13. 4 - Benchmarks

To show the accuracy and efficiency of the space-time finite element method for deforming
domain, we present two model problems here. For the finite element basis functions, we use bilinear
functions in space and the linear function in time. The spatial mesh is made from unstructured
quadrilateral elements and time slabs are formed simply by moving the spatial mesh in time. As
pointed out earlier, to obtain the domain velocity we solve equation Text and compute the velocity
at each vertex of the mesh. The velocity of the moving boundary part will be fixed according to the
problem of interest. The problems are given below in detail.

13. 4.1 - Horizontal moving cylinder

In this problem, the algorithm is tested on a rigidly moving mesh and compared with the problem
in which the mesh is stationary but subjected to a uniform flow In this test case a circular cylinder
moving at dimensionless Mach number, M = 0.01 and Reynolds number 40 is introduced in a
stationary fluid domain at time t = 0. The problem is displayed in Figure 2. The Reynolds number is
based on the mean stream density of the fluid and the velocity and diameter of the cylinder. The
computational domain covers an area (m?) -4.5 < x £ 15.5 and -4.5 < y < 4.5, with a unit diameter
cylinder centred at x = 0 and y = 0. An unstructured mesh comprising 5353 elements is generated. At
the right wall, zero pressure is imposed.

We compare the steady-state solution with the steady-state solution of flow past a fixed cylinder
at Reynolds number 40. Figure 3 displays the temporal evolution of mesh deformation and
streamlines. The pressure and its contours computed at time t = 1 sec are presented in figure 4. It is
evident that both solutions are similar.

v=0

v=0 <_. p=0
Uy = —1

vy =0

v=20

Figure 2. Horizontal moving cylinder: Problem illustration, boundary conditions and the computational mesh.
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Figure 5. Broken dam: Domain geometry and the computational mesh
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13. 4.2 -Broken dam

Dam break flow problem has been the subject of extensive research for a long time and has direct
application in the industrial areas of fluid mechanics and environment protection. In this problem, a
block of water is kept at rest in a container in the initial stage using a thin paper film.
Instantaneously, at time t = 0, the paper film is removed and the water spreads out under the
influence of gravity. The geometry of solution domain is shown in Figure 5. In the Figure, I', and I,
represent the horizontal and vertical walls of the container, where the fluid is allowed to slip.
Whereas I'f represents the free surface boundary of the water column. The base length and height
of the block of water are set to 3.5 m and 7 m respectively. The computational mesh used to solve
this problem consist 7004 elements and is display in Figure 5. The top-right and bottom-right corners
are critical regions where the mesh deforms very rapidly. To keep the mesh in reasonable shape for
later time steps and to avoid re-meshing, the initial mesh is constructed by refining both right
corners.

The density of water is taken to be p = 1 kg/m? and the dynamic viscosity is = 0.01 kg/(ms).
Gravity is set to 1m/s% For the fluid at T';, and T',, the slip boundary conditions were applied and at
free surface I'y traction free conditions were prescribed. The latter may be changed to fixed
pressure and zero normal gradients of the velocities. For the elastostatic problem, at Iy the domain
velocity is set equal to fluid velocity. At T';, the vertical displacement and at I', the horizontal
displacement is set to zero.

Experimental data X
Murrone & Guillard e
' Present results

Dimensionless height

0 I L I 1 il I
0.5 1 15 2 2.5 3 35 4

Dimensionless time

Figure 7. Broken dam: Plot of dimensionless height versus dimensionless time. The comparison of results is done with (Martin
et al., 1952) and (Murrone et al., 2005)
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The Gravity causes the water column to the left of the reservoir to seek the lowest possible level
of potential energy. Thus, the column will collapse and eventually come to rest. The initial stages of
the flow are dominated by inertia forces with viscous effects increasing as the water comes to rest.
On such a large scale, the effect of surface tension forces is unimportant and therefore not
considered in the model. Mesh deformation and pressure obtained at various simulation times are
shown in Figure 6. The numerical results were validated by the quantitative comparison with
experimental measurements obtained for the early stages of this experiment. The dimensionless
position x/L (where L is the initial length of the dam) of the liquid front along the bottom of the
cavity, versus the dimensionless time t1/2¢g/L is plotted in Figure 7. The predicted height of water
column corresponds very well with experimental measurements (Martin et al., 1952) and numerical
results (Murrone et al., 2005).

13. 5 - Application

Understanding the current dynamics of magma inside reservoirs is crucial to predicting the future
events which can be extremely hazardous in several cases. Even a small eruption can be a potential
threat for the people residing in the local area. An earthquake might add significant effect on the
evolution of magma dynamics and hence contributes to its state of unrest. In this section, we are
presenting a numerical study on the evolution of the magma dynamics when the seismic wave
impinges on a magma chamber and compare the results to the case when there is no external
disturbance.

13. 5.1 - Simulation set up

For this study, we constructed a magmatic system consists of two elliptical shaped magma
chambers connected by a straight dike. The magmatic system resembles the magmatic subsurface
reservoir at Campi Flegrei. The upper chamber is placed at 3 km depth with the length of major axis
800 m in horizontal direction and length of minor axis 400 m in the vertical direction. The lower
chamber is considered much larger than the shallow chamber which is situated at 8 km depth from
the surface. The length of the major and minor axis are 8 km and 1 km respectively. The width of the
dike joining the shallow and deeper chamber is 20 m. Two different compositions of magma are used
to perform the simulation. Magma is considered as a homogeneous multicomponent multiphase
Newtonian mixture with exsolution and dissolution of volatiles (H,O + CO,). The shallow chamber is
filled with degassed phonolite with 1 wt% of H,0 and 0.1 wt% of CO,. The total gas content present is
1 vol%. The deeper chamber and dike are filled with gas-rich shoshonite with 2 wt% of H,0 and 1 wt
% of CO,, containing total gas content of 4 vol%. A Gravitationally unstable interface between the
two magmas is set at 20 m depth in the dike, below the shallow chamber. Domain geometry,
computational mesh and employed initial physical characteristics of magmas are displayed in
Figure 8.
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Figure 8. Volcanic system configuration: Domain geometry, computation mesh and the physical properties of magma.
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Figure 9. Hypocenter view and seismic wave.

Since the aim of this study is to investigate the magma dynamics induced by a near-field seismic
wave, we assume that the distance between the source of the earthquake and the magmatic system
is 15.5 km. The seismic wave data is taken from Petrolia/Cape Mendocino earthquake, 25-26 April
1992, of 7.2 magnitude Richter scale (Velasco et al., 1994). Figure 9 displays the hypocenter view of
the system and the seismic wave data. For the simulation case, we assume the magma chamber is
surrounded by an elastic thin (1m) layer of rocks. The absorption of the seismic wave by the rocks
between the source and the magmatic system is not considered in the model.

231



Magma chamber dynamics

For the exsolution and dissolution of volatile contents in magma, dependent upon local pressure
and temperature model given by Papale et al., 2006 is used. The density of magmatic oxides is
computed with the model given by Lange et al., 1994. For the density of dissolved H,0 and CO,
model of Burnham et al., 1969 is employed. The density of H,0 and CO, gas are computed by using
the ideal gas equation. The viscosity of the liquid mixture is modelled as in Giordano et al., 2008.
Mixture viscosity (under the assumption of Newtonian rheology) is computed through the standard
rule of mixing as in Reid et al., 1977 for one-phase mixture, and with a semi-empirical relationship as
in Ishii and Zuber 1979 in order to account for the effect of non-deformable gas bubbles. Mixture
density is modelled with the standard rule of mixing following Reid et al., 1977. For computational
ease, the temperature of magmas is kept constant. The initial conditions for magma are composed of
hydrostatic pressure and zero velocities everywhere. The hydrostatic pressure is assumed to be in
meta stable equilibrium state with the lithostatic pressure of rocks. The initial conditions for the
elastostatic mesh problem are set as zero deformation. The boundary conditions for the magma
problem are set in the following way. Along the domain boundary where seismic wave strikes
(boundary in red colour in Figure 9), the fluid velocity is set equal to the velocity of the seismic wave.
On the remaining part of the domain boundary (boundary in blue colour in Figure 9), the fluid
velocity is set equal to the velocity of deforming rock layer which is evaluated from the solution of
the elastostatic problem. For the elastostatic problem, the boundary conditions are the seismic
deformation on the boundary where seismic wave strikes (boundary in red colour in Figure 9) and
the magma traction forces on the remaining part (boundary in blue colour in Figure 9).

Composition (phonolite wf) t= 100 s Composition (phonolite wf) t = 100 s
0.8 0.8
0.6 0.6
0.4 04
0.2 0.2

x (m)

Figure 10. The inclination of the plume at time t = 100 s, the left image is of no seismic wave case and the right image is
with seismic wave. The colorbar shows the weight fraction of phonolite magma.
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Figure 11. Temporal evolution of magma mingling. The colorbar shows the weight fraction of phonolite magma.

13. 5.2 - Results and discussion

At time t = 0 s, the seismic wave strikes on the magmatic system boundary shown in red colour in
Figure. The seismic wave interacts with the system for 60 s. The sudden arrival of wave generates a
longitudinal pressure wave which travels through the system from left to right and top to bottom.
The speed of the generated wave is observed in the range of 750-1000 m/s. The interface starts
getting perturbed around at 12 s and at 50 s a plume of buoyant shoshonite reaches at the top of
dike and enters inside the upper chamber. Simultaneously phonolite makes a passage in the dike and
starts diffusing with the surrounding magma and moving downwards.

The vertical motion of the rising and sinking magma is accompanied by the formation of a
number of vortices which contribute in further magma diffusion. From the top of the dike to top of
upper chamber plume covers 70 m between 50-110 s, 110 m between 110-170 s, 120 m between
170-230 s and 100 m between 230-270 s. Thus it takes approximately 220 s to reach from bottom of
the upper chamber to top, covering a total distance of 400 m. We run the same simulation without
an external disturbance and compared the results between the two simulations. In both cases, the
mingling of magma is similar. The only minor difference between the two cases is the inclination of
the rising plume. In the case of seismic wave, the rising plume is more inclined. Figure 10 shows a
zoom view of rising plumes near the interface of two magmas for both cases at time t = 100 s. Figure
11 shows the temporal evolution of the mingling at various times.
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Figure 12. Velocities (m/s) comparison at time t = 292 s, the left panel is of no external disturbance case and the right panel is

with seismic wave.

In the case of no seismic wave, the magnitude of velocity reaches up to 10 m/s, while in another

case the magnitude is a little lower than 6 m/s. In the earlier phase of development of the flow, due

to the seismic disturbance velocity shows oscillatory behaviour through the domain, in particular in

the vicinity of the boundary. In the upper chamber at end of seismic wave t > 60 s the velocity

follows the same pattern as without seismic wave. The comparison of velocity in both cases is shown

in Figure 12.

component is greater in the case of no external disturbance.
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Figure 13. Overpressure (Pa) at top node of upper chamber and central node of lower chamber. Left side and right side
correspond to no seismic wave case and seismic excitation case respectively.

p-p, (Pa) 4 p-p, (Pa)

6
-3000 x10 -3000 10
2
1
-4000 -4000
o l | 15
Cut along -5000 4 -5000 ’
system axis — -
> Esom -2 £ 000 05
> - .
-3 i
-7000 -7000 ‘ | | ‘ 0
-4
-8000 5 -8000 0.5
-6 -1
-9000 N
0 100 200 90000 100 200
t(s) t(s)

Figure 14. Overpressure (Pa) at vertical cut along the system axis. Left side and right side correspond to no seismic wave case
and seismic excitation case respectively.

The natural convection case shows the dynamic evolution of pressure due to the advection of
rising and sinking plumes, inflow/outflow of gas-rich/degassed magma from the upper chamber. We
choose three locations in the system to represent the pressure variation; a point at top of upper
chamber, the central point in the lower chamber and a vertical cut along the system axis. In the case
of natural convection, at the top point, for first t<30 s pressure change increases up to its maximum
value of 2500 Pa and then shows a decreasing trend for 30<t<160 s reaching -22 kPa. For 160<t<300
s pressure shows increasing and decreasing trend, reaching its maximum value of 8 kPa. At the
bottom centre node pressure shows an increasing trend and crosses 16 kPa in 270 s. The maximum
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value of overpressure inside the dike along the vertical cut reaches 18 kPa at t = 300 s. In the
presence of seismic wave, a significant hike in over pressure is observed. Within first 60 s maximum
overpressure is noticed to reach up to 2.2 MPa along the vertical cut in the dike (see Figure 13), 0.35
MPa at top point in the upper chamber and 0.62 MPa at the centre of the lower chamber (see Figure
14). Hence in case of seismic wave, the observed pressure is 2 order of magnitude greater. We
observed that for later times the amplitude of the pressure wave continues to decrease and
eventually attains the similar profile of natural convection case.

13. 6 - Concluding Remarks

We presented a space-time finite element model for deforming domains. A general formulation
derived from the conceptual idea of a space-time finite element method has been established for
the compressible Navier-Stokes equations. A detailed explanation of the numerical technique for
fluid flow, mesh deformation and coupling algorithm has been provided. The incompressibility limit
of the applied method has been verified on the standard benchmark problems for the moving
domain. Finally, the model is used to study of magma dynamics in presence of an earthquake. In our
simulation, we used real seismic wave data of M = 7.2 impinging on a magmatic system filled with
phonolite and shoshonite magmas. Mixture characteristics dependent upon the local pressure and
temperature have been computed with the advanced laws available in the literature. Our results
showed that mingling between two different magmas is not affected in the presence of the
earthquake. Velocities showed an oscillatory behaviour only whilst the seismic wave interacted with
the system, for later times the pattern became similar to the natural convection case. The observed
magnitude of velocity was a little lower in the case of seismic waves. Our results indicated that
arrival of seismic waves generated an over imposed pressure wave which travelled through the
whole system. Maximum overpressure was noticed to reach up to 0.35 MPa in the upper chamber,
0.62 MPa in the lower chamber and 2.2 MPa in the dike.
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Abstract

We review a numerical solution for the solution of the Fokker-Planck-Kolmogorov (FPK) equations
associated with stochastic partial differential equations in Hilbert spaces proposed by Delgado and Flandoli. The
method is based on the spectral decomposition of the Ornstein-Uhlenbeck semi-group associated to the
Kolmogorov equation. This allows us to write the solution of the Kolmogorov equation as a deterministic version
of the Wiener-Chaos Expansion. By using this expansion we reformulate the Kolmogorov equation as a infinite
system of ordinary differential equations, and by truncation it we set a linear finite system of differential
equations. The solution of such system allow us to build an approximation to the solution of the Kolmogorov
equations. The main motivation to our research is the simulation of stochastic partial differential equations and
its future application to fluid dynamics that could represent magma.

Keywords: Fokker-Planck-Kolmogorov Equations; SPDEs; spectral methods, numerical solution
14.1 - Introduction

14.1.1 - Motivation of the research

The processes involved in volcanic eruption, from magma generation at depth to eruption and
emplacement of deposits at the surface, comprise a suite of interlinked physical phenomena. To fully
understand volcanic behaviour, volcanologists must employ a range of physics sub-disciplines,
including thermodynamics, fluid dynamics, solid mechanics, ballistics and wave theory (Fagents et
al.).

This work is based on: A spectral-based numerical method for Kolmogorov equations in Hilbert spaces, Francisco Delgado-Vences and Franco
Flandoli, published in Infinite Dimensional Analysis, Quantum Probability and Related Topics, Vol. 19, No. 03, 1650020 (2016),
http://www.worldscientific.com/doi/abs/10.1142/5S021902571650020X. Copyright @ 2016 World Scientific.
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There exist crucial several elements in the volcanic process, among then one found the magma,
which is a mixture of molten or semi-molten rock, volatiles and solids. The magma is a complex high-
temperature fluid substance which could have strong variations in density, viscosity, composition,
temperature, pressure, etc. All this changes could be in a small time step.

It is well-known that is very complicate to do direct observations of the volcanoes or real
simulations. For this reason volcanologists increasingly use numerical simulations to better
understand the dynamics of volcanoes. Mathematical models are often used to explain the geological
processes responsible for volcanic process.

There exist in literature several authors that have simulated the magma phenomena inside the
magma chamber, but also in the eruption process. This simulations usually rely on the use of fluid
dynamics models along a numerical method to solve this equations, that are really difficult to solve
analytically. Fluid dynamics models use mathematical equations, usually differential equation, which
are a good approximations to “real problems”, however one could have huge uncertainties by using
this models. In this cases, physical system behaviour often can only be described in terms of
probability and has to be described by means of a stochastic model, see for instance Le Matre et al.,
Mathelin et al., (2004), (2005), where they mostly use Stochastic partial differential equations
(SPDEs) to deal with uncertainty quantification. SPDEs are a generalization of partial differential
equations and in these models one use random force terms and coefficients. This kind of models are
important because it naturally includes the natural uncertainties inherent in the natural phenomena.

The main motivation to our research is the simulation of stochastic partial differential equations
and its future application to fluid dynamics that could represent magma. So far, we have proposed a
novel numerical method in Delgado et al. to simulate SPDEs and we have validated this method.

14.1.2 - Mathematical introduction

Stochastic Partial Differential Equations (SPDE’s) are important tools in modeling complex
phenomena, they arise in many fields of knowledge like Physics, Biology, Economy, Finance, etc..
Development of efficient numerical methods for simulating SPDE’s is very important but also very
difficult and challenging.

There exists in literature several approaches in order to solve numerically an SPDE. Among them
there exists Monte Carlo simulations, Karhunen-Loeve Expansion, Wiener Chaos expansion,
stochastic Taylor approximations for SPDE’s, etc.

The Fokker-Planck-Kolmogorov (FPK) equation is a partial differential equation that describes
the time evolution of the probability density function of the velocity of a particle under the influence
of drag forces and random forces; it is a kind of continuity equation for densities. Prato and Zabzcyk
(2002) stated that “parabolic equations on Hilbert spaces appear in mathematical physics to model
systems with infinitely many degrees of freedom. Typical examples are provided by spin
configurations in statistical mechanics and by crystals in solid state theory. Infinite-dimensional
parabolic equations provide an analytic description of infinite dimensional diffusion processes in such
branches of applied mathematics as population biology, fluid dynamics, and mathematical finance”.
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This kind of equations have been deeply studied in the last years, see for instance Bogachev et al., Da
Prato et al., (2013), Da Prato (2004) and the references therein.

Numerical methods for FPK equations associated with SPDEs have been studied, up to our
knowledge, just in a few articles, here we will mention just one. Schwab and Suli have formulated a
space-time variational method to approximate solution of Kolmogorov-type equations in infinite
dimensions. They consider an infinite-dimensional Hilbert space H, a Gaussian measure . with trace
class covariance operator Q) on H and the space L*(H, ) of functions on H which are square-
integrable with respect to the measure u. They showed the well-posedness of Fokker-Plank
equations and Ornstein-Uhlenbeck equations on LZ(H, ). Moreover, they constructed sequences of
finite-dimensional approximations that attain the best possible convergence rates afforded by best N-
terms approximations of the solution. They used an spectral method based on Wiener-Hermite
polynomial chaos expansions in terms of a sequence of independent Gaussian random variables on
‘H and a Wavelet type Riesz basis with respect to the time variable. The use of the spectral basis of
Wiener-Hermite polynomial chaos allow them to avoid meshing the infinite-dimensional “domain” H
of solutions of the Kolmogorov-type equations. However they do not present numerical examples
and the questions about the feasibility of their method are still open.

In this paper, we review the numerical method proposed by Delgado-Vences and Flandoli. The
method can have some similarity with the one proposed by Schwab and Suli but also have substantial
differences. Indeed, our method is also based on spectral methods for the variable on H, but we use
a deterministic version of the Wiener-Chaos Expansion on the infinite-dimensional “domain” H
instead the classical Wiener-Chaos Expansion with the use of a sequence of Gaussian random
variables. This allows us to avoid meshing the space H but we also avoid the so-called curse of
dimensionality: the associated computational cost grows exponentially as a function of the number
of random variables defining the underlying probability space of the problem (see Doostan et al.,
(2009) for instance).

The second difference is with respect to the time variable, where, instead of using Wavelet type
Riesz basis we set up a finite system of coupled ordinary differential equations and by solving it we fix
the coefficients as a time functions. In Delgado and Flandoli the method has been applied to three
SPDE’s: a stochastic diffusion, a stochastic Fisher-KPP equation and a stochastic Burgers equation and
the results show that the method is well-behaved. However, since the method is analogue to the
classical deterministic spectral method, it can be extended to improve its performance. This is the
subject of a future research.

This paper is organized as follows: in section (14.2) we review the Fokker-Plank-Kolmogorov
equation associated with SPDE’s in a separable Hilbert space. In section (14.3) we study the spectral
decomposition of the Ornstein-Uhlenbeck semi-group associated to the Kolmogorov equation which
will be used to do the numerical approximation to the solution of the FPK equation, which is done in
section (14.4). In section (14.5) we prove a theorem on the well posedness and convergence of the
numerical approximation. Results on the application of the proposed method are presented in
section (14.6), where we have applied the method to a stochastic Burgers equation in one dimension.
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14.2 - Fokker-Plank-Kolmogorov equation

In a separable infinite-dimensional Hilbert space H with inner product (,)y we define a
Gaussian measure u with mean zero and nuclear covariance operator A with Tr(A) < +oo.

We focus on the stochastic differential equation in H

dX, = AX,dt + B(X,)dt + /QdW, (Equation 14.1)

where the operator A : D(A) C H — H is the infinitesimal generator of a strongly continuous semi-
group e in H, (@ is a bounded operator from another Hilbert space U to H and
B :D(B) C H — H is a non-linear mapping.

The equation (14.1) can be associated to a Kolmogorov equation in the following way. We
define:

u(t,z) = Eluo(X})] (Equation 14.2)
where ug : H — R and X} is the solution to (14.1) with the initial conditions Xy = = where z € H.
Then u satisfies the Kolmogorov equation

% = %TT(QDQU) + (Az, Du)y + (B(z), Du)y, z € D(A) (Equation 14.3)

Several authors have proved results on the existence and uniqueness of the solution of the

Kolmogorov equations, see for instance Da Prato (2004) for a survey, Da Prato-Debussche (2007) for
the Burgers equation, Barbu-Da Prato (2008) for the 2D Navier-Stokes stochastic flow in a channel.

14.3 - On the Ornstein-Uhlenbeck semigroup

Following Chow (2009) section 9.3, in H we define a Gaussian measure ;2 with mean zero and
nuclear covariance operator A with Tr(A) < 400 and since A : H +— H is a positive definite, self-
adjoint operator, then its square-root operator A'?isa positive definite, self-adjoint Hilbert-Schmidt
operator on H. Define the inner product

(g.h)o = (A"2g, A=)y, for g,he AV*H

Let H, denote the Hilbert subspace of H, which is the completion of A2 with respect to the
norm ||gllo := (g,g)é/z. Then H, is dense in H and the inclusion map i : Hy < H is compact. The
triple (¢, Ho, H) forms an abstract Wiener space.

Let H = Lz(’H, 1) denote the Hilbert space of Borel measurable functionals on the probability space
with inner product

(®, W) ;—/H@@)qf(u)u(du; for ®,W €,

and norm ||®||g := (P, (1)&1/2_ In H we choose a basis system {¢}} such that ¢, € H.
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A functional @ : 1 — R, is said to be a smooth simple functional (or a cylinder functional) if there
exists a C*°-function ¢ on R™ and n-continuous linear functional 11, . . ., l,, on H such that for he H

®(h) = é(hy,...,hy) where hi =L(h), i=1,...,n.

The set of all such functionals will be denoted by S(H).-
Denote by Px (%) the Hermite polynomial of degree k taking values in R. Then, Py (z) is given by the

following formula

(=DF = -

z?
2

dk
dzk©

with Py = 1. It is well-known that {Pj(-)}xen is a complete orthonormal system for L2(R, y (dx))

2

with s (dr) = —Le” T da.

Define the set of infinite multi-index as
J = {a =(ai>1) | aeNU{0}, la]:=> a< +oo}
i=1
For i € J define the Hermite polynomial functionals on H by

Hy(h) = HP"i (li(h)), heHo, ned, (Equation 14.4)
i=1

and where
Li(h) = (h,A"Y20:)5, i=1,2,...

where P, (&) is the usual Hermite polynomial for £ € R and ne N.

Remark 14.1 Notice that 1;(h) is defined only for h € H,. However, regarding h as a p-random
variable in H, we have E(l;(h)) = l@ill* = 1 and then I (h) can be defined ji-a.e. h € H, similar to
defining a stochastic integral.

It is possible to identify the Hermite polynomial functionals defined in (14.4), for h € Hoy, as a
deterministic version of the Wick polynomials defined on the canonical Wiener space. It is known as a
numerical model in Malliavin calculus (for further details see Huang et al., (2000) for instance).

We have the following result (See Theorems 9.1.5 and 9.1.7 in Da Prato-Zabczyk (2002) or Lemma
3.1 in chapter 9 from Chow (2007).

Lemma 14.2 For h € H let;(h) = (b, A"2p;)3, i = 1,2, .... Then the set { H} of all Hermite
polynomials on H forms a complete orthonormal system for H. Hence the set of all functionals are
dense in H. Moreover, we have the direct sum decomposition:

245



A numerical method for SPDEs

H= DK,
§=0
where K is the subspace of H spanned by {Hp, : |7| = j}.
Spectral decomposition of the Ornstein-Uhlenbeck semigroup

Consider the linear stochastic equation

dut = Autdt + th, (Equation 145)
up=heH

Here, as before A:D(A) CH — H is the infinitesimal generator of a strongly continuous
semigroup ¢4 in H. W, is a Q-Wiener process in H. Chow (2007) in Lemma 9.4.1 has shown the
following lemma.

Lemma 14.3 Suppose that A and Q satisfy the following:
1. A:D(A) C H — H is self-adjoint and there is 5 > 0 such that

(Av,v)3 < —Bllvllyg Vv €H.
2. A commutes with Q in D(A) C H.

Then (14.5) has a unique invariant measure . which is a Gaussian measure on H with zero mean
and covariance operator A = 1Q(—A)~' = 1(—A)7'Q.

We define the operator
1
Aou = §TT(QD2U,) + (Ax, Du)y, rE€H (Equation 14.6)

and suppose that -A and Q have the same eigenfunctions e; with eigenvalues Ay y py respectively.
Then the operator Aj satisfies the Lemma (14.4).

Lemma 14.4 Let H;(h) be a Hermite polynomial functional given by (14.4). Then the following
holds

AoHz(h) = =A\aHz(h), (Equation 14.7)

foranyn € J and h € ‘H and where
)\ﬁ = an)\k
k=1

The proof can be found in Chow (2007) Lemma 9.4.3. Using lemmas (14.4) and (14.2), ({Hz } forms a
complete orthonormal system for LQ(’H7 1)) we can write

u(t,x) = Y ua(t)Ha(z), xzeH, te[0,T],
neJ

(Equation 14.8)

where ug : [0,T] — R and Hy(x) are the Hermite functionals.
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Remark 14.5 The decomposition given in (14.8) is a deterministic version to the Wiener Chaos
expansion (WCe), also known as a Fourier-Hermite series. The WCe has been used to prove several
results in stochastic analysis and also it has been applied to solve numerically stochastic partial
differential equations (see for instance Lototsky and Rozovskii (2006), Lototsky (2011), Hou et. al.
(2006). Notice that the Kolmogorov equation can be writen as

g—;‘ = %TT(QDQU) + (Az, Du)y + (B(z), Du)y

= Aou + (B(z), Du)y (Equation 14.9)
Using (14.8), we calculate

% =t (t)Hp ()

neJ
Ao = Ao > un(t)Ha(z) = Y un(t)AgHn ()
neJg neJ
- - Z un >\7LH )
neJ

where in the last equality we have used the Lemma (14.4).
For the last term in (14.9) we have

(B(z), Duw = (B(@). Do Y un(t)Ha(e))

neJg

neJ

where D, is the Fréchet derivative. Therefore the Kolmogorov equation becomes

> in(t) Ha(z) = = > ua(t)A )+ > ual(t )s DuHy()),,-

neJ neJ neJ

Multiplying by Hy;, () , m € J and integrating in H w.r.t u(dz) we have

> ia(t) [ Hm(e)H(x)u(de) = =Y un(t)ha | Hip )u(dz)
neJ / neJ /
+ > ualt) /H (2)(B(x), Dy Hy (), 1(dz)
neJ

From this, and using the orthogonality of the system {H,; ()} we get the infinite system of coupled
ordinary differential equations
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i (t) = =t (OAm + Y un()Com, MM ET (Equation 14.10)
neJ

where Cf, i, is given by

Crm = /7-1 <B(m),DmHﬁ(x)>HHm(x)u(dx). (Equation 14.11)

b 1
We focus on Cr,m. Since Hn(x) = H P, ((x,A72e:)3) we get
=1

o0 oo 1 1
DoHy(x) = > [ Po. (2, A7 2€:)3) P, (2, A 2ex)3) A 2,
i7k

k=1
then
> 1 i 1 , 1
(B(), Dy Ha(2)),, = ; <B(:L),A_Qek>H I1 P (2, A" 2e5) ) P, ({2, A 2 ex)n)
ik
Thus,
oo 1 o) 1 , 1
Crm = /HZ <B(5E)7A_§e’“>% [ 2n. (2, A 2ei)3) P, ({2, A™ 2 ex)30) Hym () (d).
b k=1 i=1
itk

A technical result
The following lemma is important for the numerical simulation since it will allow us to use the
evaluation functional on the Hilbert space H.

Lemma 14.6

i) The Gaussian measure 1 on H = L?(0,1) with covariance A = = (—A)~" is supported on
C ([0, 1]).

ii) Let & € [0, 1] be given. Let ug : C ([0,1]) — R be defined as ug (z) = x (&). Then

| =

[ @) < o0
H
(and therefore Z (ugz)Q < 00,

A concise proof of the claim / u% (z) p(dr) < o0 is
H

< 0

[ @ utan) = [ (w63 m(de) = o dee = 5 -4
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because (—A)_l/2 d¢, € L?(0,1), since by duality

(=) 0e,,£) = (0, (-4 1/2f>H=((—A)_1/2f) (&)
a2y ey el

IA

1/2

where we have used Sobolev embedding H* C L and the fact that (—A4)~"/* maps L? into H'.

14.4 - Numerical approximation

Define the set of finite multi-index TMN 35

jM,N:{d:(ai?lSiSM) | a; €{0,1 2....,N}}.

This is the set of M-tuple wich can take values in the set {0,1,2,..., N} . We approximate the
solutions of the Kolmogorov equation by the following expression

in(tz)= Y un(O)Ha(z), xeH, tel0,T). (Equation 14.12)

neJMN

Notice the use of the finite M-tuple in opposition to the infinite multi-index 7 as in (14.8). We

truncate the infinite system (14.10) in the following sense: consider the same value M as in JMN
and ma, ..., mu € JMNand define the finite system of equations
U, (1) = =, () A, + Zun Chyme- 1<i <M. (Equation 14.13)
Jj=1

Set the vectors

and the matrix

- +Cia Co e Cr-1, Cwr
Ci2 A+ Cog - Crr-1,2 Ch,2
A= : : - : :
Ci,pm—1 Copr—1 o = A1 FCrro v Carvr—1
Cim Com a Cr—1,m A+ Cur i

where \; = A\p, and C; ; = C, m,; for 1 <i,5 < M. Notice that, given the expression (14.11), in
general the matrix A is not symmetric. We now can write the system (14.13) as a matrix differential
equation:
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UM(t) = AUM (¢). (Equation 14.14)

If A has M real and distinct eigenvalues 7; and M eigenvectors V; then the solution to the (14.14) is

given by
M
UM (t) = Z c; Vet (Equation 14.15)
i=1

In the case when some of the eigenvalues and eigenvectors, or at least one of them, take values in
the complex field we still can have real solutions. Indeed, suppose that we have the case with one
complex eigenvalue and eigenvector; then it is know that we will have M-2 real eigenvalues but we
can obtain two real solutions from the complex eigenvalue, see Goldberg and Schwartz (1972) for
instance. Let us write one of the complex eigenvalue and eigenvector as

V =a-+ib,
n=~v+iu,

then we can write two real solutions as follows:

e (dcos(ut) — I_J:Sin(;uf))7 e (asin(ut) + gcos(,ut)).
14.4.1 - Initial conditions

In contrast to several types of differential equations, whether ordinary or partial, deterministic or
stochastic, for FPK equations there is no standard way to determine the initial conditions. This is
because in this type of equations we must choose a functional that acts on the initial condition. This
implies that depending on the functional chosen we must adapt the method. Here we present the
method for two examples of functionals.

We will consider two cases :

ug’(9) := g(20).  for fixed 2o € [0,1]
and
1
w(9)i= [ gl
0
For the first functional, define the set points in the set [a,b] as {z;},7 =0, ..., P, such that zp = a

and zp = b. Then for each point z; we have that X(z;) = X(0, z;), and for each z; set ug(z) as the
evaluation functional z; — X[’ (z;) then from u(t, ) = E(uo(X}')) we obtain

u(0,z) = E(ué’ (Xé‘)) = X0, z) = z(2),

250



A numerical method for SPDEs

and at other hand

then for each z;

w(z) =u(0,2) = > up(0)Hp()

REJMN
Then, multiplying by H,5, () and integrating in the Hilbert space L?(#, 1) we have
un(0) = [ () Hin(o)uldo).
H

24

Here the value of the initial condition w7 (0) depends on z;, i.e. u7 (0) = uz(0).

Notice that in the direction of the eigenfunction e the expression x can be writen as (x, e; )3 ex and
then we can write Hp, (z)z(2;)in the direction ey, as P, (€& ) (2, ex)ner(z;) with

& = (#,A"12e}.) 4 . Furthermore, &, = (z, A™/2e;)5 = | \e|(x, ex ) then we have

:/ > en(zi) (@, eryr Py (Sr) 1(déy, dSa, - ey,
R

- /R > ek(zi)f\—szk (&) pu(der, des, - - Ve

_ g enlz) /R P, (61) Expi(der)

SAE)
%Z k1% /]Rpmk(fk)gk,u,(dfk) (Equation 14.16)

Notice that the general solution to each uZ (0) is given by the expression

uy (¢) creMt
ua(t) coet2?t
: =(Vi Vo -+ Vy Vy) :
UM_l(t) CM_16>\M’1t
UM(t) C]weAMt
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where V; and ); are the eigenvector and eigenvalue of the matrix A and we are denoting
uj(t) = ug (1), 1 < j < M. Evaluatingin t = 0 we have

Ul (0) C1
UQ(O) Co
: = (Vl Vo o Vi VM)
upr—1(0) CM—1
Upnr (0) CM
and therefore
Cc1 ul (O)
C2 1 U (0)
: = (Vl Vo o Vi VJ\/[) : )
CM—1 upr—1(0)
CM UM (0)

with u;(t) = uf;l) (t) given by the expression (14.16). Now we are able to fix the value of the initial

conditions for the first case. Notice that also the constants c; depend on the value z;, i.e. ¢; = .

For the second functional, from u(t, z) = E(ug(X[’)) we obtain

1
u(0,2) = E(ug(X{)) = / x(z)dz.
0
Since on the other hand

u(0,x) = Z ur (0)Hz(z),

,ﬁej]\[,N
then
1
/x(z)dz: Z uq (0)Hp ().
0 REJTMN

Multiplying by H., (z)and integrating in the Hilbert space LQ(H, 1) and by using Fubini we have

um (0) = /H /0.1 x(2)dzHpm (z)p(dx) = /: (/H x(z)Hm(z)u(d1)> dz

We focus on the integral on H. By following the steps given for the first functional (just replacing z;
by z) we can arrive to the following expression

Moe (2)
| #@ @tz ~ TL 42 [ Po(e)gmtas),

k=1
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thus

ﬁ ek)\(:) (/R P, (fk)ﬁkﬂ(d&@) dz

k=1

1
i)~ |
0

M 1
H/Rpmk (ﬁk)fk/i(dﬁk)/o e];(:)dz (Equation 14.17)
k=1

Using this result and following the procedure for the first functional we are able to fix the initial
conditions.

14.5 - Well posedness and convergence

Let J be a countable set, {\,;m € J} a sequence of positive real numbers diverging to infinity
{Chum;n,m € J}and asequence of real numbers. Consider the infinite system of equations

u;n <t) 77L1‘LT’L + Z C'Vlrnun ) t 2 O
neJ
U, (0) :u?n, meJ

with given initial condition {u_,;m € J }. We always assume

Z (u?n)2 < o0.

meJ

Definition 14.7 A solution is a sequence {u, (-);m € J} of continuous functions on [0, T|such
that:

) sup Z / Z A2, (5)ds < oo

t€[0,T] mGJ meJ

i) The series Z Chrmun, (t)converges, for a.e. t, to an integrable functions on [0, T|and
neJ

ii) U (1) = u?n — / AmUm (8) ds —|—/ Z Crmtn (s

0 neJ

forallm € J andt € [0, 7).

Consider also, for any finite subset JcC J, the finite system

W, () = =Amllm () + > Comiin (), 20
nej
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U (0) =0, meJ

The definition of solution for this finite system is obvious and existence and uniqueness is well
known.

Theorem 14.8
Assume that the family {C,,,; n,m € J} satisfies, for some constant C > 0,

1/2 1/2
Z Crm0inBm < C (Z )\nozi> <Z Bm> for all sequences {ay, Bn;n € T}

nmeJg neJ meJ
(Equation 14.18)

Then there exists a unique solution. Moreover,

supZum — U ( / Z/\mum - ds<Cl/ Z/\u

mege

for some C; > 0 independent of J ; Where the term Z )\mu s) ds converges to zero as j

meJe
converges to J . For a proof see Delgado and Flandoli.

14.6 - Numerical Results

14.6.1 - Algorithm description

In this subsection we describe the algorithm for simulating the Kolmogorov equations associated
with stochastic partial differential equations whose results we show in Subsection (14.7).

1. Choose the algorithm's parameters:
a) The space H where the SPDE will be defined.
b) The operator A and its eigenfunctions A, and eigenvalues eg(+).
c) The functional ug : H — R.
d) N, M and then fix the set JV'.
e) The time step At and Az in the physical space.
2. Compute the quantities éﬁ,m, for each i, m € JV'M, to approximate (14.11).

3. Set the finite system of coupled ordinary differential equation (14.13).
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4. Rewriting the system (14.13) as a matrix differential equations and by solving it numerically we

obtain, up to a set of constants, the time-functions uy(t), for each 7 € JNM

5. By using the functional 1 the constants in the last step are fixed.
6. We then define the space-time approximation for the Kolmogorov equation as
N
un (@) =Y w0 Hi(x) = > ui(t) Hj(x) = ult, x)
j=1 j>1

Remark 14.9

*  Given the operator A, we choose its eigenvalues as the basis for the Hilbert space H and we
have to find its eigenvalues \.

*  The choice of the functional uy will change the way we determine the initial condition of the
Kolmogorov equation, then it will necessary to adapt the method for each w,,.

* The quantities C}hm are those that require more computing resources because we have to
compute and approximate several integrals for each 7, m € J™M. In our example these
quantities are given by the expressions (14.23).

14.7 - Stochastic Burgers Equation on an interval

Set H = L*(0,1). We consider the stochastic Burgers equation in the interval [0, 1]:
dX(t,€) = [vORX(t,€) + %Hg(XQ(t,g))]dt +dWi(t,€), t>0, £€(0,1)
(Equation 14.19)
X(t,0)=X(t,1)=0, t>0,
X(0,8) =), zeH (Equation 14.20)

W is a cylindrical Wiener process on H, associated to a stochastic basis (2, F,, (F¢)t>0). v is the
viscosity coefficient.
We rewrite the Burgers equation as an abstract differential equation in H. Set A = uf)g and

B(z) = 19¢(2?), x € H, with domains D(A) = H*(0,1)N H(0,1) and D(B) = Hj(0,1),

respectively. Then, (14.19) can be rewritten as
dX = [AX + B(X)|dt + dW; (Equation 14.21)
X0)=z zeH.

The operator A is selfadjoint with a complete orthonormal system of eigenfunctions in H given by
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ex(&) = V2sin(kré),  £€0,1],keN.
Moreover, Asatisfies Aej, = —vm?k?ey, for k € N.
As before, we define u(t,z) = [ug(X})] and then u(t, z) satisfies the Kolmogorov equation

% = %T’I’(QDQU) + (Az, Du)y + (B(x), Du)y, = € D(A).

Results on the existence and uniqueness of the solution to the Kolmogorov equation can be found,

for instance, in Da Prato (2004), Chapter 5.
We will consider again two types of functionals :

ug(9) = g(&).  for fixed & € (0,1)

and

1
w(9)i= [ g(€)de.
0
We now apply the numerical method. We write the solution u as

u(t,z) = Z ug () Hp ().

and by following the procedure before we arrive to an infinite system of ordinary differential
equations:

7Lm(t) = —Um(t))\ﬁl + Z 'U,ﬁ(t)CﬁJh, ﬁ,m S j (Equaﬁon 1422)
neJ

where (5,  is given by
Cr = [ (B@). DoHa@))y Ha@i(d)

First we need to calculate the value of the constants Cj, ;7 , then we need to calculate expressions

such as B(z), D,Hy(z). Focus on the term B(xz) = 19¢(x*). By writing x:ZBkek, with
k
Br == (x, ex ) we have

B(z) = %35(;%61{)2 = %35 [sz:ﬂlﬁkelek} = %;;ﬂzﬁk (ere), + erer).

l

For the expression D, H; (x)we have
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DoHy(x) =Y [ Po. (G A7 %€)20) Pl (G, A7 2e5)3 ) A1 e

Setting A = (—A)~! and by recalling that Ae; = —vm?j2¢; we have A~'/2e; = v/2ur|jle;, and by
using the last expression we have,

i£j

Crm = %/HHm(x)lt(d@ZHPni(@;A_l/Q@iM)Péj((I»A_l/geﬁﬂ)@ﬂﬂ
j=1

-
-

<

x> Bibklee + eier, ¢;)y,
Tk
—%/Hu(dm)z 2wr|j| P, ({2, A2 e5)2) Py, (2, A2 ) )
=1

< [T P, (2. A7 2€3)30) P, (2, A2 ZZﬁzﬁk (er€}, + eler, €5 ), -
2
JM.N

For N; € N define as before the setSy, = {71, g, ..., fin, : 7i; € ,i=1,...,N1}. Moreover,

for i, m € Sj; define

1 M
NG Vaulil [ P, (6P, (€utds)

M M

X HPm, (&) P, (&) Z Z BiBr{eie), + €jex, ej>H . (Equation 14.23)
i1 =1 k=1
i#]

and the finite system of ordinary differential equations:

U () = —um (E)Am + Z un () Crm, for each m € Sy and 7 € Sy;.
neSn

(Equation 14.24)

Then (14.24) approximates to the infinite system of ordinary differential equations (14.22) when
N, M — oco. We use the system (14.24) to approximate the solution of the FPK equation associated
with the Burgers equation.
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Deterministic equation associated with the stochastic Burgers Equation.

Set
y(t,€) = E[X;()]

then, y(t, &) solves the differential equation

dy _ Py 1 2 i
5 = V6_£2 + +§5g(y (t,6)) (Equation 14.25)
y\t:O = E(Xo).

We solve numerically this equation by using the Matlab library pdepe and we compare our results by
using the spectral method with the one obtained with the pdepe Matlab library.

Results of the simulation

The following graphs show simulations by using the proposed method with different values of JNM,
N=4,5. We make a comparison with the solution of the deterministic equation, as was described in
subsection (14.7) by using the matlab library pdepe.

The results of the simulation for the evaluation functional are in the first group of graphs. The
second graph shows the simulation for the second functional. The results were obtained with the
coefficient v = 0.2, 0.1, 0.01.

The first graph (from the left to the right) in each group is the one obtained by using the Matlab
library PDEPE. The other two graph are obtained with the use of the numerical method reviewed on
this paper.

Numerical solution computed with Burgers Eq. with order N=4 and nu=0.2 Burgers Eq. with order N=5 and nu=0.2
120 mesh points

Distance x

Figure 1: Simulations for the Burgers equation with the Matlab library pdepe and with the spectral method for, .
N=4,5, u’(g).
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Q, N
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Figure 2: Simulations for the Burgers equation with the Matlab library pdepe and with the spectral method for

N=4,5, ug“ (9).

Numerical solution computed with Burgers Eq. with order N=4 and nu=0.01

120 mesh points

Distance x

Time t

N=45, U’OD (g)'

Numerical solution computed with

! Burgers with order N= 4 and nu= 0.2
120 mesh points

0.8

0.6

04

02

Burgers Eq. with order N=5 and nu=0.01

4
/

Figure 3: Simulations for the Burgers equation with the Matlab library pdepe and with the spectral method for

b
\

Burgers with order N= 5 and nu= 0.2

u(t)

u(t)

Distance x 1

00 05 10 15 20 25 30
Time t

T T T T T
00 05 10 15 20 25

Time t

T
30

Figure 4: Simulations for the Burgers equation with the Matlab library pdepe and with the spectral method for

N=4,5, uo(g).
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Numerical solution computed with
120 mesh points Burgers with order N= 5 and nu= 0.1 Burgers with order N=4 and nu= 0.1

1. o

0.5+ < \ 3 A

u(t)

03
u(t)

3

/

05

———— ————
0.0 05 1.0 15 20 25 30 0.0 05 1.0 15 20 25 30
Time t Time t

Distance x =~ 1%

Time t

Figure 5: Simulations for the Burgers equation with the Matlab library pdepe and with the spectral method for
N=4,5, uo(g).

Numerical solution computed with Burgers with order N=5 and nu= 0.01 Burgers with order N=4 and nu=0.01
120 mesh points
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Figure 6: Simulations for the Burgers equation with the Matlab library pdepe and with the spectral method for

N=4,5, uo(g).

14.8 - Conclusions

In this paper we reviewed a numerical method to solve Fokker-Plank-Kolmogorov equations and
we tested this method by applying it to the Kolmogorov equations associated to a stochastic Burgers
equation in 1D, in a simple domain. The results obtained are really promising. However, there are
a few limitations. The first is that the noise in the SPDE is restricted to the additive case and to cover
the multiplicative case seems infeasible at this moment. Indeed, even if one is able to prove
existence and uniqueness of an invariant measure v for the Ornstein-Uhlenbeck semigroup
associated with the SPDE, there would remain the fully characterization of the measure and to find a
complete basis for the Hilbert Space LZ(’H, v). Another issue is that we have applied the method to
very simple domains, However, to cover the cases with complex domains one can use ideas of
domain decomposition techniques similar to those used in spectral element methods. This is part of
a forthcoming paper.

The method can be adapted to cover the Fokker-Plank equations associated with SPDE's, this will
be studied in a subsequent work.

An application to fluid dynamics is expected to be completed in the following years. The
mentioned application will be completed by applying the method to the stochastic Navier-Stokes
equations in physical dimension two and three. A future application to vulcanology is planned by
using the experienced with the application to the stochastic Navier-Stokes equations.
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Chapter 15

Application of one-dimensional numerical models for
investigation of coignimbrite plume formation

Samantha Engwell
Istituto Nazionale di Geofisica e Vulcanologia, Sezione di Pisa, Pisa, Italy

Tutorship: Mattia de' Michieli Vitturi, Tomaso Esposti Ongaro, and Augusto Neri

Istituto Nazionale di Geofisica e Vulcanologia, Sezione di Pisa, Pisa, Italy

Abstract

Coignimbrite plumes provide a common and effective mechanism by which large volumes of fine-grained
ash are injected into the atmosphere. Such plumes form in association with the propagation of pyroclastic
density currents, and therefore are common phenomena on active volcanoes. Herein, two one-dimensional
axisymmetric steady state models were applied. The first describes the parent pyroclastic density current,
specifically an ash flow, and is used to provide information on controls, location and characteristics of the ash
flow as it lofts to form the coignimbrite plume. The second model describes plume rise, with a key output being
the maximum plume height. The two models were coupled such that outputs from the ash flow model directly
fed into the plume model to enable investigation of the effect of vent source conditions on modelled
coignimbrite plume characteristics. Formal global sensitivity analysis was applied to statistically investigate
these controls, describe the coignimbrite source and the maximum plume height attained. The results highlight
the role of gas mass fraction and temperature, together describing the mixture buoyancy, of the propagating
ash flow in controlling plume lift off, and the mass flux of material into the plume on controlling plume height.
Finally, the study highlight inadequacies in describing the plume source condition, and in particular the
transition from horizontal to vertical momentum.

Keywords: pyroclastic density currents, coignimbrite plumes, numerical modelling, sensitivity
analysis

15. 1 - Introduction

During explosive volcanic eruptions, plumes are formed which transport ash high into the
atmosphere above the volcano, from where it can be dispersed great distances downwind. Such
plumes not only form directly above the vent, but can also form in association with the emplacement
of pyroclastic density currents (PDCs, Figure 1). These plumes, commonly labelled coignimbrite
plumes (Woods and Wohletz 1991), can rise to great altitudes and thus provide an extremely
effective mechanism of ash injection into the atmosphere (e.g. Sparks et al., 1986).
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A Maximum column height ——,.

Neutral buoyancy

A

Collapsed

B PDC propagation fountain

L o,

- -—— e —

—— Maximum column height

Meutral buoyancy

Figure 1. Schematic of vent derived compared to coignimbrite plumes. Vent-derived plumes (A) form as a mixture of hot gas
and ash is ejected from the vent at high velocity during an explosive eruption. However, coignimbrite plumes (C) form in
association with pyroclastic density currents (B), whereby the upper portion of the mixture entrains sufficient ambient air to
result in buoyancy reversal, and lofting.

While a great deal is known regarding plumes originating directly from the vent, relatively little
research has been conducted on the formation and rise of coignimbrite plumes. This is partly due to
a comparative lack of recorded observations describing plume characteristics, with most focusing on
the very largest events (e.g. Mount St. Helens 1980, Sparks et al., 1986; Pinatubo 1991, Holasek et
al., 1996). As a consequence, controls on formation of these plumes as a function of eruptive
conditions are still poorly constrained. Analysis of deposits imply that the material transported by
coignimbrite plumes is very different to that for vent-derived plumes. Coignimbrite deposits are very
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fine grained, and deposits from a number of different examples show remarkably similar
characteristics implying very similar mechanisms regardless of scale (Engwell & Eychenne, 2016). In
this study, we implement simple 1D numerical models to investigate the factors important for the
formation of coignimbrite plumes, and those that control the height to which these plumes reach in
the atmosphere, a key consideration when assessing risk to aviation. Sensitivity analysis techniques
are applied to investigate the control of variance and uncertainty of model inputs on model outputs,
to identify controlling model inputs for targeted further research.

15. 2 - Application of one-dimensional models

Two numerical models were applied to investigate the controls on coignimbrite plume formation,
and their rise through the atmosphere. The first, a modified version of the Bursik and Woods (1996)
ash flow model simulates the horizontal motion of a hot dilute PDC. The second model, a modified
version of the Bursik (2001) plume model is used to simulate the vertical motion of the rising
coignimbrite plume and enables investigation of the controls on plume height.

15. 2.1 - Ash flow model

The steady state ash flow model of Bursik and Woods (1996) was employed to simulate PDC
propagation solving equations for conservation of mass (for both mixture and particles of different
sizes), momentum and energy. Bursik and Woods (1996) describe two flow end member types,
defined by their Richardson number; supercritical (Ri < 1) and subcritical flow (Ri > 1), however only
the supercritical case was examined in detail in this study. For this purpose, the terms of the
equations presented in Bursik and Woods (1996) were rearranged such that momentum is calculated
as a function of the input Richardson number (Ri = (gh(B-a))/Bu’, where g is gravitational
acceleration, h is flow thickness, B is flow density, a ambient density and u flow velocity). The
constitutive equations are presented in full in Engwell et al. (2016). These equations were solved
using a FORTRAN90 code, with flow parameters calculated by integration with distance. The final
flow runout is defined as the distance at which the flow density reaches ambient, and was assumed
to be the point at which coignimbrite plume formation occurs.

Ash Flow Model Inputs Ash Flow Model Outputs Plume Model Inputs
Radius Liftoff distance ———— 5 Radius
Haight Temperang ——————— Temperatine Plume Model Outputs
Temperanse — Gas Magzs Frachon ———————=  (Gas Mags Fraolion — Maxdmum Height
Gas Mass Fraction Graingize — Graingize Graingize
Richardson Numbar Mass Flow Rale ————=  Vorical Valoaity
Grasnsize

Figure 2. Flow diagram illustrating the key inputs and outputs from the ash flow and plume models.

15. 2.2 - Plume rise model

A modified version of the Bursik (2001) plume model was applied to study the relation between
plume height and source conditions. The model (Barsotti et al., 2008) is written in FORTRAN90 and
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solves equations for conservation of mass, momentum and thermal energy of bulk mixture with
height. Required input parameters for the plume model are the mixture gas mass fraction and
temperature and the velocity and radius of the lofting plume. A further required parameter is the
entrainment coefficient, which describes the rate at which ambient air is entrained into the plume.
In this study, two entrainment assumptions were used. The first assuming constant entrainment with
height following Morton et al., (1956). The second assumptoin is based on the studies of Carazzo et
al. (2008, 2012), whereby entrainment is variable dependent on the Richardson number of the
plume, such that the entrainment rate is greater when the density of the plume is lower than
ambient, but lower when the reverse is true.

15. 2.3 - Coupled Model

The ash flow model was coupled with the plume model to investigate the effect of varying ash
flow model input parameters on simulated plume height (Figure 2). As mentioned above, herein only
the supercritical ash flow model was applied. The required inputs for the ash flow model are: initial
flow thickness and flow radius, Richardson number, temperature, gas mass fraction and a description
of the characteristics of particles within the flow. In Table 1, parameter bounds for each of these
inputs are provided, resulting in a range of mass flow rates between 10° to 10 kg/s. We assume
that the flows are propagating across a flat plane, a valid assumption given modelled runouts are on
the order of many kilometres.

Sensitivity Indices

Input parameter Minimum Maximum Liftoff distance Plume height
Main Total Main Total
Flow thickness (km) 0.25 2 0.170 0.236 0.353 0.416
Flow radius (km) 0.25 2 0.315 0.389 0.176 0.177
Richardson Number? 0.1 0.99 -0.00035 0.0047 0.07 0.08
Gas mass fraction 0.1 0.3 0.253 0.365 0.14 0.17
Temperature (K)" 800 1100 0.144 0.141 0.042 0.08
Friction®? 0.001 0.02 0.003 0.003 0.0002 0.00008
Median (phi) -3.0 3.0 0.005 0.01 -0.0009 0.0002

Table 1. Parameter bounds for initial conditions used for application of the coupled model, relating to mass flow rates of
between 10° and 10™ kg/s. Variable grain size is only applied in estimation of sensitivity indices, in all other examples initial
grainsize distribution has a median of 0 phi (1 mm) and a standard deviation of 2 phi. Initial magmatic gas mass fraction 0.03
throughout. Main and total sensitivity indices for liftoff distance and plume height as discussed in Section 2.4. “Bursik and
Woods (1996);"Sparks et al., (1997); “Schlicting (1969), “Sparks et al., (1978).

The coupled model was run 2000 times, with each simulation sampling different input
parameters from the ranges provided in Table 1. From the results, a number of flow characteristics
are extracted at the ash flow model final integration step to provide insight into the process of
coignimbrite plume formation, and constrain characteristics of the mixture at this point. In
particular, the initial radius, velocity and temperature inputs for the modelled plume were defined
by the 5th to 95th percentiles of the values at the final runout from the ash flow model, with a
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uniform distribution assumed. The initial plume radius was assumed to be equal to the final flow
runout. The initial vertical velocity of the lofting plume (up) was calculated using the flow mass flux
(M) at the final runout (r), and the final flow density (p.,; corresponding to the condition of neutral
buoyancy), whereby:

M

u, — —Y
PmTTT

p

This simplified assumption is based on observation of the Mount St. Helens 1980 eruption, which
indicated that the coignimbrite plume lofted from the entire inundation extent of the blast (Sparks et
al., 1986), and assumes that transition from horizontal to vertical flow is instantaneous. In all
examples, the starting density of the mixture was assumed to be neutral, i.e. equal to ambient,
controlled by mixture temperature and gas mass fraction.

15. 2.4 - Sensitivity Analysis

Global sensitivity analysis was performed using the software DAKOTA (Adams et al., 2009),
whereby input parameter space is explored such that input-output parameter interactions and
model non-linearity are quantified using a variance-based Monte Carlo method. Application of
sensitivity analysis requires identification of a valid distribution (in the examples a uniform
distribution is assumed) of values for each input parameter (Figure 3). The numerical model is
applied a number of times, while varying input parameters by sampling the ascribed distribution for
each parameter. The sensitivity of model results to model inputs is depicted by Sobol Indices, which
describe the fraction of the variation in model output that can be attributed to each input. Two
measures are presented here, main and total sensitivity indices. The main sensitivity index quantifies
the expected reduction in variance in the model output that would be achieved if a given input was
fixed (Saltelli et al., 2008). The total sensitivity indices describe both the relation of the final model
output to the input but also the interaction of the parameter of interest with other input
parameters. In both cases, a larger index implies a greater reliance of the output on the input
parameter.

15. 3 - Results
15. 3.1 - Ash flow model results

Prior to application of sensitivity analysis, each of the models (the ash flow and plume rise model)
were run to investigate modelled behaviour. Figure 4 illustrates the radial behaviour of a few key ash
flow variables - flow thickness, velocity, temperature, density - for three selected simulations where
only the initial Richardson number is varied. Varying the initial Richardson number results in
different initial flow velocities, and consequently entrainment efficiency. All simulations initiate with
a thickness of 2 km. In each example, the model predicts an immediate reduction in thickness,
followed by a relatively constant thickness until the final liftoff distance is reached (Figure 4A). The
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flow with the lowest initial Richardson number is thickest, related to greater entrainment of air as
evidenced by lower flow density than the other examples (Figure 4D).

i \ ] UNCERTAINTY ANALYSIS
/ Y i
I b OUTPLT
\ VARIABLE
| N
:':-'I —-
4 -
Y
\ INPUT
PARAMETER 2 My sets of _ | NUMERICAL | N model
input parameters : MODEL results
SEMNSITIVITY AMALYSIS
-
X X
| 2 % 2
i >
PARSA i
| o h
{ -
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Figure 3. Schematic to illustrate how model uncertainty and sensitivity analysis are defined starting from uncertain input
parameters. Please note that Ns refers to the number of simulations performed (i.e. the different sets of input parameters)
and not the number of input parameters (from de’ Michieli Vitturi et al., 2016).

The velocity profiles (Figure 4B) vary significantly for each modelled flow example, as initial
velocity is controlled by the input Richardson number. In all of the examples, there is an initial
increase in flow velocity related to the sudden reduction in flow thickness, followed by a small
decrease as the density difference between the propagating current and ambient reduces. The final
velocity for each of the modelled flows is greater than 100 m/s at the point at which flow density
becomes equal to atmospheric (1.21 kg/m®). Such high final velocities describe a significant mass
flux, which were used to infer initial plume velocities that in some examples are many tens of metres
per second (Engwell et al., 2016), comparable to Plinian events. Such high velocities are capable of
carrying particles many cm's in diameter into the atmosphere, yet analysis of coignimbrite plume
deposits suggest that they are universally composed of fine-grained ash (< 100 microns; Engwell and
Eychenne 2016), indicating that large particles are not available for inclusion into the plume. In
combination with the initial radius and liftoff mixture temperature, this initial velocity significantly
impacts the final plume height attained.
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Each flow simulation initiates with an eruption temperature of 1000 K, approximately equating to
an initial flow temperature of 900 K once entrainment during column collapse is accounted for. Over
the length of propagation, flow temperature decreases by 100 K in all examples, but at different
rates associated with varying entrainment efficiencies (Figure 4C). Similar patterns are seen in flow
density profiles (Figure 4D). Despite the same initial and final densities, density profiles vary as a
function of Richardson number, with the mid Richardson nhumber simulation density decreasing at a
slower rate compared with the other simulations, due to reduced entrainment and therefore
decreased sedimentation of particles.

While the other flow parameters vary at the liftoff distance, the final temperature and density
are the same for each of the simulations, relating to the liftoff condition, whereby flow propagation
ceases once the flow density reduces to that of the ambient. Despite different initial Richardson
numbers, and consequently initial velocities and mass flow rates (between 4 x 10° and 10™ kg/s), the
liftoff distance for each example is similar, between 7 and 8 km. For further results describing flow
characteristics and behaviour, see Engwell et al., (2016).
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Figure 4. Profiles of selected pyroclastic flow characteristics with distance from source for three simulations with different
Richardson numbers (0.1, 0.5, and 0.9) spanning the supercritical flow regime. Initial flow thickness and radius of 2 km, initial
gas mass fraction is 0.2, initial temperature of 900 K, a friction coefficient of 0.001.
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15. 3.2 - Plume rise model results

A number of differences exist between vent-derived and coignimbrite plume source conditions.
In vent-derived plumes, the source area is small, the density of the mixture is considerably greater
than the ambient, and the initial vertical velocity is on the order of hundreds of m/s (without
considering the likely over-pressurised condition of the eruptive mixture at the vent). In comparison,
coignimbrite plumes loft from a much larger area, have a similar density to the ambient, and have
smaller vertical velocities. In order to highlight the differences, we conducted two sets of simulations
(one for the vent-derived plume example and one for the coignimbrite) using the plume rise model,
to compare plume characteristics with height given the different source characteristics, assuming an
initial flow rate of 10 kg/s in both cases. To achieve the initial flow rate, the initial radius of the
coignimbrite plume was an order of magnitude greater than that of the vent-derived plume, while
both the density and the initial velocity were an order of magnitude less. For both plume types,
simulations with two entrainment coefficient assumptions were conducted, the first using a constant
entrainment coefficient (0.09 following Morton et al., (1956)) with height, and the second with a
variable coefficient, as described above. Comparison of modelled plume radius, velocity and density
with height for coignimbrite and vent-derived plumes (Figure 5) shows a number of differences both
in profiles with height and also the maximum plume height. Specifically, the radius of the vent-
derived plume increases with height, while the radius of the coignimbrite plume initially decreases,
before following similar trends to the vent-derived plume and increasing with height (Figure 5A). The
density of the vent-derived plume is initially much greater than ambient, but the plume becomes
buoyant within the first few kilometres (Figure 5C). The vent-derived example with variable
entrainment attains buoyancy at greater altitudes than the constant entrainment example (Figure
5C2). The starting condition of coignimbrite plume simulations is neutral buoyancy, and in
comparison to the vent-derived results, there is very little difference in density trends with height for
the two entrainment assumptions. The variable entrainment coefficient simulation results are
density dependent, with reduced entrainment when the plume density is greater than ambient. In all
cases, the plume density becomes equal to and then larger than ambient density at height in the
atmosphere, but before the maximum plume height (determined as the point at which the vertical
velocity is zero) is reached. This transition represents the neutral buoyancy level, and is assumed to
be the height at which lateral intrusion of the plume occurs.

In comparison to plume radius and density, there are significant differences between velocity
profiles both with plume type and entrainment assumption (Figure 5B). The initial vertical velocity of
the vent-derived plume is large, and reduces drastically in the first few kilometres. Application of the
two entrainment conditions results in different plume profiles for the vent-derived plume example.
Where the constant entrainment coefficient is used, the plume velocity shows a decrease with
altitude (simple buoyant), while when the variable entrainment coefficient is used the plume is
super-buoyant (whereby the plume velocity decreases and then increases with height; Bursik and
Woods (1991)). The velocity of the coignimbrite plumes increases more gradually with height, with
significant deviation between the simulations with different entrainment assumptions occurring
above an altitude of approximately 5 km. For both plume types, the plume height attained using the
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constant entrainment coefficient assumption is considerably greater than that for the variable
entrainment coefficient. The modelled results show that maximum plume height is not simply a
function of initial mass flux. Here, where the variable entrainment coefficient is used, the
coignimbrite plume is modelled to reach a greater height than that of the vent-derived plume,
despite the same initial mass flux because the entrainment coefficient is larger for centrally buoyant
plumes.
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Figure 5. Typical plume profiles for a vent derived and co-PDC plume example with the same initial mass flow rate (107 kg/s),
and for two different entrainment assumptions; constant with height following Morton et al. (1956), and variable with height
following Carazzo and Jellinek (2012). A: plume radius with height with A2 showing variation in plume radius close to source.
B: Plume velocity with height. C: Plume density with height. Standard atmospheric density profile also shown for comparison.
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15. 3.3 - Coupled model results

The ash flow and plume models were coupled to investigate controls of initial PDC characteristics
on those of the coignimbrite plume. A variable entrainment coefficient was assumed for the plume
model, and output parameters from the ash flow model were either used directly, or to infer inputs
for the plume model (Figure 2). Multiparameter sensitivity analysis results indicate the controlling
parameters on modelled plume height are the initial flow height, radius, and gas mass fraction, in
decreasing order of importance, with temperature and Richardson number having a minor effect
(Figure 6A). This result is unsurprising given the initial plume velocity is calculated from the final
mass flow rate of the flow, a function of the flow density (controlled by mixture gas mass fraction
and temperature), flow velocity (determined by input Richardson number) and final flow runout.
Further analysis of the simulation results (Figure 6B) shows a positive correlation between maximum
plume height and initial flow radius, but a negative correlation with initial Richardson number and
gas mass fraction.
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Figure 6. Sensitivity analysis for the coupled model (A) and model results (B) showing sensitivity of coignimbrite plume height
on flow input. A. The dominant controls on coignimbrite plume as a function of flow thickness. B. The marker size relates to
flow initial gas mass fraction, while colour relates to initial flow radius. Range of input parameters for the coupled model
shown in Table 1.

15. 4 - Discussion and Conclusions

Application of the Bursik and Woods (1996) ash flow model in combination with formal sensitivity
analysis highlights the role of flow temperature and gas mass fraction in the formation of
coignimbrite plumes. Application of the ash flow model highlights some of the limitations associated
with the use of one-dimensional models to simulate complex processes. Due to the simplicity of the
model, it is unable to take into account a number of processes or interactions that would affect
plume formation. For example, multiple observations of coignimbrite plume forming events, in
addition to observations from laboratory experiments and outcomes from numerical simulations,
highlight the importance of topography, specifically topographic barriers on plume formation
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(Andrews and Manga 2011, 2012, Esposti Ongaro et al., 2012). Observations indicate that as the
turbulent portion of the flow is forced over a barrier, entrainment and enhanced mixing of ambient
air occurs. In addition, the sudden decrease in flow velocity results in mass sedimentation of
particles, with both processes resulting in an almost instantaneous decrease in flow density,
favouring formation of coignimbrite plumes. Such processes would result in much reduced runout
than those predicted here, however, the effect of topography on coignimbrite plume formation is
dependent on the relative scale of the current to the topographic barrier (Andrews and Manga 2011,
2012). Given the type (dilute and turbulent) and scale (initial thickness on the order of hundreds of
metres to kilometres) of the flows simulated using the ash flow model, it is likely that topography
has a secondary effect on coignimbrite plume formation. Instead we assume that plume formation
occurs as the upper portions of the entire flow detach as neutral buoyancy is attained as modelled
herein. However, such assumptions require further observations, and validation by the application of
three-dimensional numerical models that are capable of capturing such complex interactions.

The plume rise results show that for a given mass flow rate, coignimbrite plumes have similar rise
heights and characteristics to Plinian plumes, with neutral buoyancy levels often many kilometres
lower than maximum heights. The dominant control on the height of these plumes is the initial mass
flux, however choice of entrainment assumption can have significant implications, both for the
plume height, and plume velocity profiles (Figure 5). The coupled plume model results correlate first
order initial ash flow conditions to the final plume height, but are not sufficient for accurately
describing the processes that occur during transition from horizontal to vertical momentum, and also
require further investigation using analogue experiments and 2D/3D numerical models.
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Abstract

Particle aggregation is considered as a key process that may affect dispersal and sedimentation of volcanic
ash, with significant implications for the associated hazards. It is well known that aggregation has a major role in
particle sedimentation affecting the residence time of volcanic ash in the atmosphere, but an exhaustive
description of the phenomenon is still missing. In this report new techniques for field and theoretical
investigations of volcanic ash aggregation are reported. The structure of the paper is conceived to be split in two
different parts: in the first we will focus on observations of aggregates at Sakurajima Volcano (Japan) during the
field campaign of August 2013. In the second, we propose the combination of a 1-D thermal plume model with
sectional methods in order to provide a general description of the observed eruption. The basic idea of the
whole paper is to show a multidisciplinary approach to the study of ash aggregation, that merges together new
field techniques and new theoretical scenarios.

Keywords: ash aggregation, modelling, field investigation, Sakurajima

16. 1 - Introduction

Volcanoes are a source of multiple hazards, e.g. lava flows, pyroclastic density currents, tephra
fallout and lahars. Among all the possible hazards, tephra fallout has the peculiarity to potentially
affect the surrounding environment from short to very large distances, with disruptive consequences
on local communities and both land and aviation transport. The spatial and temporal scales of tephra
fallout strongly depend on how single particles interact among them and with all the gas phases
involved in the eruption. Here we will focus on a particular aspect that has large consequences on
tephra fallout: volcanic ash aggregation. In particular, field evidences from the Sakurajima campaign
of August 2013 are discussed from a theoretical point of view. These results are presented
exhaustively in the work of (Bagheri et al., 2016) and more details can be found there. The main
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purpose of this work is to show how these two different and independent approaches, theoretical
and field-based, may be connected together to complete our understanding of the problem.
Aggregation processes are well known to affect sedimentation of fine ash (< 63 um) by
considerably reducing its residence time in the atmosphere (Lane et al., 1993; Rose and Durant,
2011; Brown et al., 2012). If particle aggregation is not taken into account, volcanic ash transport and
dispersal models fail to accurately describe both particle deposition in proximal areas and
atmospheric concentrations in the far field, with important implications for hazard assessment and
real-time ash forecasting (Folch et al., 2010; Rose and Durant, 2011; Brown et al., 2012). From a
physical perspective, aggregation is essentially the interaction of single particles, or clusters, to
generate larger agglomerates. It can be seen as a process where two main and distinct conditions
must occur: collision and sticking. Volcanic particles mainly collide due to their different dynamics
within the fluid. In fact, the degree of coupling of a particle with the flow inside a volcanic
environment (Stokes number) may cover a wide number of ranges. This practically means that some
particles will follow instantaneously the fluid changes and some others not. As a consequence,
particles will experience different relative velocities and so they will collide if their cross sections are
large enough. A collision is effective for aggregation if the relative kinetic energies of colliding
particles are depleted by some dissipative mechanisms. The final clustering depends on complex
interactions of surface liquid layers, electrostatic forces or shape factors. Depending on the water
content, particle aggregation results in the formation of particle clusters if the presence of water is
poor and accretionary pellets in all the other cases (including poorly-structured pellets AP1, pellets
with concentric structures AP2, and liquid pellets AP3 in the nomenclature of Brown et al., 2012).
During the last two decades several experimental, numerical and field investigations have been
carried out to describe aggregation processes in terms of particle grain-size distribution, terminal
velocity, structure, density and porosity (e.g. (Lane et al., 1993; Gilbert and Lane, 1994; Schumacher,
1994; Schumacher and Schmincke, 1995; James et al., 2002; Bonadonna et al., 2011a; Taddeucci et
al., 2011; Telling et al., 2013; Van Eaton, Harper, & Wilson, 2013)). However, due to the low
preservation potential of particle clusters in the deposits, most studies focused on the
characterization of the more resistant well-structured pellets (i.e. AP2 most commonly known as
accretionary lapilli; (Gilbert and Lane, 1994; James et al., 2003)). In the first part of this paper we will
introduce new field techniques especially designed for the study of particles clusters (also known as
dry aggregates), which include ash clusters (PC1) and coated particles (PC2) according to the
classification of (Brown et al., (2011). Ash clusters, PC1, are defined as fragile irregular shaped
aggregates composed of particles < 1-40 um, whereas coated particles, PC2, are defined as fragile
aggregates comprised of a crystal, crystal fragment, pumice or lithic clast partially covered in fine ash
particles. The traditional terminology “dry aggregates” can be somehow misleading. In fact, dry
aggregation implies an aggregation process where there is no evidence of a macroscopic liquid layer
inside the clusters. This does not exclude the presence of water vapour in the mixture or even
condensed humidity upon particle surfaces. In this case the layer of water on the surfaces, if present,
is much thinner than the size of the particles involved. Field investigations of real-time volcanic ash
aggregation may count on studies that cover several decades: the 1980 eruption of Mount St.
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Helens, USA (Sorem, 1982), 1990-1994 eruptions of Sakurajima volcano, Japan ([Gilbert et al., 1991;
Sparks et al., 1997]), the 1997 eruption phase of Soufriere Hills volcano, Montserrat (Bonadonna, et
al., 2002) and the 2010 eruption of Eyjafjallajékull volcano, Iceland (Bonadonna et al., 2011;
Taddeucci et al., 2011). (Sorem, (1982) observed ash clusters with diameters between 250-500 um
about 390 km from the vent that were composed of particles <40 um. (Gilbert et al., 1991) and
(Sparks et al., 1997) reported ash clusters at Sakurajima volcano with diameters <3 mm, which
consisted of particles <200 um, whereas coated particles had diameters >200 um and were covered
with particles <20 um. (Bonadonna, et al., 2002) observed both types of particle clusters resulting
from either dome collapse or Vulcanian explosions at Soufriere Hills volcano. Finally, Bonadonna et
al. (2011) observed both types of particle clusters between 10 and 55 km from vent. Ash clusters had
diameters up to 600 um and consisted of particles < 90 um, while coated particles were composed of
large particles up to 760 um that were coated with particles < 100 um. For the same eruption, High-
Speed (HS) videos recorded by Taddeucci et al., (2011) show how most particle clusters fell with
terminal velocities between 1 - 4 m/s m/s at ground level. In this work we have introduced a multi-
technique approach for field investigations applied to a specific volcanic explosion of Sakurajima
volcano (Japan), which includes field High-Speed-High-Resolution (HS-HR) imaging and analyses of in-
situ collected particle clusters. The advantage of this technique relies on its capability to describe
completely aggregates as they form and fall in a real environment, without any a priori assumption
or bias. Aggregates are so described in terms of their terminal velocity, density, population and
structure. This work represents the first step done under my fellowship within the NEMOH ITN to go
towards a more detailed and physical-based approach to the unsolved problem of ash aggregation.

The novel contribution of this work is twofold: first, we provide strong field constrains on
timescales and shapes of dry aggregates before their impact on the ground; second, discrete
methods to the numerical solution of aggregation equations are introduced. The main objective of
this study is to underline how modern observations can be linked to a general theoretical
description, which can start from the physics of the processes to retrieve some measured evidences
from the field, like sizes or timescales for observed aggregates. In order to do this, the second part of
this work will be dedicated to the development of a volcanic plume theory which may take into
account the aggregation of volcanic particles.

16. 2 - Field observations: methods

Dry aggregation of volcanic particles is frequently observed in those eruptions where fine ash is
present (<63 um) and meteorological conditions are favourable (high relative humidity). Direct
observations of falling aggregates are not rare: some well-studied examples are the eruptions of
Sakurajima Volcano in Japan (Gilbert et al., 1991) and Eyjafjallajokull eruption of 2011 in Iceland
(Bonadonna et al., 2011; Taddeucci et al., 2011). Despite their importance, an exhaustive description
of particle clusters not always easy due to their fragile structure leading to poor preservation in the
deposits. For this reason, field techniques mainly involve the collection of tephra samples directly
during fallout using sticky papers to collect falling aggregates (e.g. Bonadonna et al., 2011). This
simple technique permits to analyse the population of each single aggregate with a Scanning
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Electron Microscope (SEM). Recently, more sophisticated tools based on the use of high speed
cameras have been applied to go deeper into the analysis of some major properties of aggregates,
like its settling velocity (Taddeucci et al., 2011). Both technigues have advantages and disadvantages:
direct collection of samples permits to reconstruct a posteriori the grain-size of aggregates and
characterize the internal structure but it fails to capture the associated sedimentation dynamic. On
the other hand, HS movies allow for fundamental details cluster sedimentation and impact with the
ground to be described, but the information on the single components of aggregates is mostly
missing. Only their combination can give a complete overview on dynamical and morphological
properties of particle clusters without a-priori assumptions. Therefore, in order to fully characterize
particle aggregation, we developed a multi-technique approach. Each aggregate is recorded during
its falling and impact on the sticky paper. The part that sticks to the paper — which, in our experience,
is rarely the entire aggregate - is further analyzed at the SEM.

High-Speed camera  macro lens
. adhesive tape

tray

Figure 1. Setup optimized for field recording of falling aggregates. Particles that impact on the adhesive tape are filmed
throughout the macro-lens of the High-Speed camera. The adhesive tape is usually strong enough to stick the coating part of
the falling aggregates but not the internal core. Meanwhile a tray placed next to the tripod of the camera collects the falling
tephra at that position.

In Figure 1 a schematic diagram of the field setup is reported: a High-Speed (HS) camera on a
tripod focused on a thin-glass support covered with a specific double-sided tape allowing for further
analyses with a Scanning Electron Microscope (SEM). The HS camera with a resolution of 1200x800
pixels at 800 fps mounted with a Nikon 60 mm f/2.8D AF Micro-Nikkor lens was used at the ground-
based observation site in order to capture HS-HR movies with a pixel size of 40 pm. In addition,
tephra samples are collected in dedicated trays at sequential time steps in order to monitor time
variations in grain-size distribution. Associated samples were analyzed for grain-size using a Laser
Diffraction (LD) particle-size analyzer (CILAS 1180). This technique allows measuring, directly or
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indirectly, the following quantities: i) settling velocity; ii) aggregate population; iii) density; and iv)
internal structure. This multi-approach was applied during the field campaign at Sakurajima Volcano
(Japan) of July-August 2013. Detailed measurements were acquired for one particular eruption that
occurred at 17:47 Japanese Standard Time (JST) on the 3rd of August 2013, which reached a
maximum plume height of 2.8 km a.s.l. The eruption consisted of three major single explosions that
produced an ash cloud that reached the complete development after about 240 seconds after the
onset. The ash cloud spread toward south-east with a velocity of ~5.5 m/s as inferred from large
angle HD movies. Our ground-observation site was located about 3.7 km downwind from the vent
along the dispersal axis. Ash fallout was sampled at two time intervals in order to characterize
sedimentation in time: i) between 18:00 and 18:07 JST, associated with individual particles followed
by sub-spherical aggregates (Phase I), and ii) between 18:07 and 18:12 JST mostly associated with
sub-spherical aggregates (Phase I1l). Individual particles were recognized as non-vesiculated
fragments with diameters between ~300-1200 um and density of ~2500 kg/m”3 (measured by
water pycnometer).

Figure 2. (a) Recorded image of a
falling aggregate that shows the
escape of a larger particle inside the
whole cluster. (b) Scanning Electron
Microscope image of particles of the
shell. These small particles represent
all what remains on the adhesive
tape of the original aggregate.
Without the recorded image, the
shell particles could be erroneously
misinterpreted as the whole
aggregate (i.e. PC1). (c-e) Grain size
analyses of ash collected in the tray
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16. 3 - Field observations: results and discussion

16. 3.1 - Aggregate cores

As shown in Fig 2., all aggregates broke at impact with the adhesive tapes, leaving behind an
ensemble of fine ash and a significantly larger particle (from now on defined as core), which in most
of the cases bounced off from the sticky paper. Sizes of cores (~ 200-500 um) are comparable with
the sizes of the entire aggregates before the impact (~ 400-800 um) and correspond well to the
mode of the coarse population of ground deposit for aggregates sedimented during both fallout
phases (i.e. 500 um and 250 um, respectively; red arrows in Fig. 2). Ash coating mostly consists of
particles < 90 um and it is clear from Fig. 2b that this image on the sticky paper recalls the idea of
what we typically interpreted as a fragile particle cluster in Brown et al. (2012) (i.e. PC1). The whole
aggregate - core plus coating - is more similar to a coated particle (i.e. PC2). However, Bagheri et al.
(2016) introduced a new category of particle clusters (PC3; cored clusters) to better describe these
aggregates that have a larger coating than PC2. In fact, cored clusters (PC3) are mostly sub-spherical
fragile aggregates that have never been observed in the deposits nor on adhesive tape as they
typically break at impact with the ground. They consist of a core particle (coarse ash to fine lapilli
size) fully covered by a thick shell of particles < 90 microns. The difference is not just a matter of
nomenclature, but it has deep consequences on the dynamics of sedimentation and modelling in
general. First, if aggregates are thought to be created from fine ash only, as previously thought based
on SEM analysis alone (Sorem, 1982; Lane et al., 1993; Brown et al., 2012), they should be
categorized as ash clusters, for which the main collision mechanisms are very weak. However, we
suspect that most PC1 described in literature originally deposited as cored aggregates (i.e. PC3), as it
can also be seen in the HS videos recorded during the Eyjafjallajokull 2010 eruption (e.g. VIDEO #2 of
Taddeucci et al., (2011). Cored aggregates can form much faster and at much lower particle
concentrations than PC1 because their collision mechanisms, i.e. differential settling, are several
orders of magnitude more efficient than Brownian motion and turbulence (Elimelech et al., 1998),
(Pruppacher & Klett, 2004), (Costa et al., 2010). Additionally, it is widely accepted that the grain-size
of fallout deposits affected by particle aggregation are bimodal because they consist of simultaneous
sedimentation of individual lapilli and/or coarse ash particles together with fine ash particles
aggregated in clusters (Carey and Sigurdsson, 1982; Brazier et al., 1983). Although this theory can
account for the deposition distance of individual particles, which in some cases matches the
deposition distance of aggregate cores, it fails to explain the proximal deposition of aggregates only
composed of fine ash unless unrealistic aggregate densities are considered (Carey and Sigurdsson,
1982). In fact, premature fallout of fine ash can be more easily explained if most aggregates are
considered to consist of coarse-ash particles coated a thick layer of particles <100 pm (PC3) instead
of consisting of only particles <100 um (PC1).

16. 3.2 - Aggregate dynamical features

The measured quantities from our HS videos are basically the terminal velocities and sizes of
falling aggregates and internal cores (Table 1). The densities of the whole aggregates are evaluated
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inverting the formula for the terminal velocity. On the other side densities of central cores are
estimated under the hypothesis that these particles are part of the population of those collected in
the trays. A first interesting point is the clear variation in the characteristics of aggregates deposited
during Phase | and Phase Il, being aggregates of Phase | characterized by larger cores than
aggregates of Phase II. Second, the ash coating of Phase | is thinner than the ash coating of Phase I
aggregates compared to their core diameter. The ash fraction involved in the coating of individual
aggregates, f_agg, for Phase | is about 10% whereas for Phase Il it is 17% (Bagheri et al., 2016). This
indicates that Phase | aggregates were associated with thinner ash coating than Phase Il aggregates
compared to their core diameter.

Aggregates Core particles
Fallout Sed. Time Diameter Density Velocity Porosity Diameter Density
phase [um] [kg m~3] [ms™'] [%] [um] [kg m™3]
| 18:02- 718 - 807 806 — 1009 27-29 60-68 500 - 525 2500-2700
18:07
I 18:07- 440-630 357-864 12-18 67-83 200-330 2500-2700
18:12

Table 1. Physical and cinematic properties of the observed aggregates at Sakurajima Volcano during the eruption of 3" of
August 2013.

16. 3.3 - Timing of aggregation

Given that Phase Il clusters are characterized by thicker shells and most likely needed more time
to form than Phase | clusters, it can be concluded from numerical inversions (Bagheri et al., 2016)
that particle clusters can be formed within 180 seconds after the onset of the eruption. As a
comparison, accretionary lapilli and frozen accretionary pellets were reported to be formed within
300 and 600 seconds after the onset of 1990 eruption of Sakurajima volcano (Japan) and the March
2009 eruption of Redoubt volcano (Alaska), respectively (Gilbert and Lane, 1994; Brown et al., 2012).
It cannot be excluded that in our case aggregation continued to occur beyond 175 s simply because
our observation is just based on a single proximal location in the field.

16. 4 - Theoretical investigations

One of the main challenges in the characterization of particle aggregation includes the capability
to describe field observations from a theoretical point of view. In this section a mathematical model
for ash aggregation is introduced. As outlined in the introduction, aggregation is the result of the
sticking of single particles (or agglomerates) once they have collided together. It is evident that a
theoretical description of aggregation processes should be dependent on, at least, three main
quantities: i) concentration of particles; ii) collision rate and; iii) sticking efficiency. If at least one of
these quantities is zero, aggregation can simply not occur. The equation that relates these three
quantities is the so-called “Smoluchowski Coagulation Equation” (SCE) (Jacobson, 2005), which
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describes the evolution in time of a population of particles of mass m in a control volume where no
other physical processes occur (diffusion, advection, etc.):

dn(t,m) _ 1me . «
I —20 (t,m—c¢g¢) n(t,m

o 1)
—e)n(t,e)de —n(t, m)f K(t,m,&)n(t, &) de

Key quantities that appear inside the equation are:

n(t, m): distribution function of the number of particles per unit volume with a mass equal
to m at a certain time ¢t (units: [%])

K(t,m, £): Aggregation kernel, which contains all the information about collision rates and

3
sticking efficiencies of particles of mass m and ¢ (units: [mT]). For clarity, this term is usually

split in two different contributions to enhance the different roles of sticking and collision:
K(t,m,e) = a(t,m,e) - B(t,m, &), where a(t,m,¢) is the sticking efficiency (units: [#])

and S(t, m, €) is the collision rate (units: [mT3]).

The Smoluchowski coagulation equation is a particular case of a more general and comprehensive
theory which is called “Population Balance Equations” (PBE) (Ramkrishna, 2000). The underlying
assumption in this theory is that there is a density function that describes the number of elements
(particles) inside a population with a given selected property, such as “mass” in this case. This
density function is described by the quantity n(t,m), which represents the number of particles with
a mass inside the interval [m, m + dm]. For clarity, it must be outlined that the aggregation equation
is just a part of the General Dynamic Equation (GDE), which studies how the distribution
function n(t, m) evolves in presence of other physical processes, like for instance advection and
diffusion, just to mention the more common ones in volcanology. The complete transport equation
for an “advection-diffusion-aggregation” process is (Gelbard & Seinfeld, 1979):

an(t,m)

Fra V- (n(t,m) V) — V- (D Vn(t,m))

1 m
= _f K(t,m—¢g,¢) n(t,m
2 0

o )
—&)n(t,e)de —n(t,m) f K(t,m, &) n(t, ¢) de
0

The solution of the aggregation equations is not trivial and analytical solutions exist only for
simple cases. There are several methods for the numerical solution of Eq. (1), but generally they can
be grouped in three major families (Vanni, 2000): method of moments (Standard Moment Method,
Quadrature Method of Moments), stochastic methods (Monte-Carlo) and sectional methods (Fixed-
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Pivot, Cell-Average, Finite-Volume). Each of these approaches has different pros and cons: moment
methods are usually faster than others, since they focus on some integrals quantities of interest —i.e.
moments. Sectional methods - also called “discrete methods” - are computationally more expensive,
but they provide a direct description of the evolution of populations (Kumar & Ramkrishna, 1996). In
the following, we will focus on sectional methods with a specific attention to the fixed-pivot
technique and how it can be applied inside a thermal plume model. The purpose is to see how far is
this theoretical approach from the main features observed during the Sakurajima campaign of July
2013.

16. 5 - Sectional methods: the fixed-pivot technique

In the sectional methods the continuous density function n(t,m) is discretized and each bin
(section) evolves in time. The discretization is done substituting the density function n(t, m) with the
so-called “Dirac-comb”, which samples the continuous function at fixed positions m,, as shown in
Fig. 3 (Kumar & Ramkrishna, 1996):

1
n(em) = ) Ne(©) 8Gn—my) ©
k=1

The quantities N, are the number of particles per unit volume with mass inside each interval

[My—1/72: Mics1r2]

N, = fmkﬂ/zn(m)dm = fmkﬂ/z (d—N) dm ()

Mk—-1/2 Mk—1/2 dm

A common problem to all the sectional methods arises when the fixed positions m, are not aligned
on a linear grid. In fact, for arbitrary grids, the collision of two different particles of masses m; and
m; rarely correspond to an existent mass m;. For linear grids this problem is implicitly avoided since
it is always true that m; +m; = m;. Unfortunately the use of a linear gridding does not permit to
investigate a large number of diameters, due to the mathematical relation between mass, density
and diameter. This is clear looking at the following relations:

dy ~ ()2 dygg ~ (100m)Y - T = (10014 ~ 46 )
1
That is, assuming spherical particles with the same density, one hundred linear bins in mass would
cover just a factor 4.6 in diameter. This suggests to replace a linear gridding with a logarithmic one,
capable to cover the larger interval of particle diameters. For this, one needs to re-distribute mass
between the available grid points (bins) in order to conserve the total mass. All the different
sectional methods differ basically in the way they establish this rule to redistribute the mass. Among
all the different sectional methods we discuss here the so-called “fixed-pivot” technique. The fixed-
pivot technique is described exhaustively in (Kumar & Ramkrishna, 1996) and (Jacobson, 2005) and
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for a given hin labelled as m; it redistributes the mass between the two closer bins m;_,and m;,,
conserving the zeroth and first moment of the distribution, i.e. the number of particles and the total
mass. If we refer to the scheme of Fig 3b this implies the following systems of equations:

{ Wy (m1 mi) 1+ W3 (m, mi+1) 1=1 (6)
wy(m,m;) m; + wy(m, myyq) myy, =m

{ wy(m,m) L+ wy(m,m;_1) 1=1 (7)
wy(m,m)) m; +w,(m,m;_;) my_y =m

For a given bin m; the mass conservation is assured by the two quantities of interest w;and w,:

_ My —m
w,(m,m) = —
S = My — My
m~_1 —-—m
wy(m,my) = —=— ®)
mi_1 —m

The integration of Eq. (1) over the interval [m;_;,,, m;;1/2], combined with the mass conservation
assured by Eq. (8), leads to the fixed-pivot equations that rule the change in time of particles per unit
volume of mass i due to aggregation (Kumar et al., 2006)

d N; 9
o "B D ¥
Where:
1 Miyg —M
=Y (1 0) (2 ko i,
2 Miy1 — My
mis(mk+m]-)<mi+1 (10)
1 m—m;_q
w0 (130) (o) Kemem) N
mi_1<(Mmy+mj)<m; : -1
D= Y KGmum) NN, (1)
j=1
Jyj is the so-called “Kronecker delta function” :
Oifk+j (12)

6ki:{1ifk=j

Equations (9), (10) and (11) represent the fixed pivot equivalent to (Eq.1). This means that the initial
continuous problem has been transformed into a set of Ordinary Differential Equations (ODEs), one
for each bin representing the i-th mass.
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Figure 3. (a) Discretization of a continuous curve n(m) using a sum of Dirac deltas. (b) Notation used in the fixed pivot
technique, defined in order to conserve the first two moments of the distribution (number of particles and mass).

16. 6 - Aggregation kernels

Next step is to clarify the importance and meaning of quantities K(mi,mj), which basically
contain all the physics of the process. Aggregation kernels are basic quantities to study the evolution
in time of populations since they describe the collision rate of particles of mass m; and m; that give
birth to a new aggregate. This implicitly means that K(mi,mj) contains the information about
“successful” collisions, i.e. collisions that bring two particles to be stuck together. If, for example, the
collision rate inside a volume is really high (e.g. billions of collisions per second), but no sticking
processes have been occurring, K(mi,mj) will be zero. This suggests to split the kernel matrix
K(m;,m;) in two different parts: a dimensionless coefficient a(m;, m;), which describes the
probability of sticking, and a dimensional parameter /i(mi,mj), which contains all the information
about the collision rates (Jacobson, 2005).

K(m;,m;) = a(m;m;) - p(m,m;)

The dimensions of ﬁ(mi, mj) are similar to a volumetric flow rate [m;]. A complete discussion about
collisional kernels and their derivation can be found in (Jacobson, 2005). In volcanology (e.g. Costa et
al., 2010), the main different processes taken into account for collision rates are turbulent-related
kernels (turbulent-inertial (TI) and turbulent shear (TS)), laminar shear (LS), differential
sedimentation (DS) and the Brownian motion (BM), which is negligible for the sizes involved.

e/*\m (13)
= (W)Z(di +d;)? |uy — ug

rs _ (M€ 3 (14)
ij _(151/) (d; + d))
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[ 15
iLjssz(di"'dj)S (15)
T
B =2+ ) s~ | a9
BM _ 2 KBT i (dl + dj)z (17)

i 3u d;d;

Where € is the dissipation rate of turbulent kinetic energy, g is the gravitational acceleration, x and
v are the fluid dynamic and kinematic viscosities, I, is the laminar shear coefficient, u is the
sedimentation velocity and wu, is velocity provided to particles trapped inside turbulent eddies. Some
of these expressions depend on quantities difficult to quantify, especially for turbulent flows, like €,
I, or u,. Some approximations or assumptions must be taken in these cases. For example, according
to (Textor & Ernst, 2004), the value of ¢ is related to the plume velocity u, and the sizes of the
largest eddies inside the plume (which we consider equivalent to the plume radius):

u,3 18
6%0.1% (1)

The laminar shear coefficient is theoretically given by:

_ |44 (19)
L™ ar

A key point is which kernels are relevant inside the volcanic environment. Here some basic
concepts contained in (Textor & Ernst, 2004) and (Marshall & Li, 2014) are summarized:

1) The turbulent kernels B and Bf;° are valid within the Saffman-Turner limit, that is, for
particles smaller than a characteristic spatial scale (called the “Kolmogorov length”) and
with Stokes numbers St < 1. In order to be inside the Saffman-Turner limit, particles have
to be smaller than the turbulent eddies, which implies having well correlated velocities

3
between them. The Kolmogorov micro-scale is proportional to y, = (1%)1/4, where v, is
the air kinematic viscosity and € is the dissipation rate of turbulent kinetic energy. For a

m2

2
= and for v, ~ 10‘5—10‘4"17 we get

plausible range of e between 0.1 — 100
vk = 1073 — 10~*m. This means that particles larger than some hundred microns will not
be in the Saffman-Turner limit. In addition, as outlined by (Textor & Ernst, 2004) , the Stokes
number of volcanic particles spans a huge number or values, roughly from 10® for bigger
particles to 1073 for the smaller ones. Also in this case is not easy to establish if the

Saffman-Turner condition is valid.
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Particles laying outside the Saffman-Turner limit show uncorrelated velocities among them,
which basically means that are not trapped inside the fluid turbulent eddies. This extreme is
often called “the accelerative-independent regime” and it has been treated by Abrahamson
(Marshall & Li, 2014), who led to the following expression for collisions among two particles
with Stokes number St > 1:

1
8= (5) @+ ftuh) + i) (20)

In this expression (u?2,;) stands for the mean-square velocity magnitude for a i-th particle
due to an isotropic turbulence. It is worth-mentioning that w,,; is obviously different from
u; used in [Eq. 13] since u,; contains info related to the small eddies above the Kolmogorov
scale. u,,; is a mean velocity given by the bulk turbulence which of course depends also on
the particles involved, how they interact with different eddies and how they keep their
inertia passing through them. Abrahamson kernel [Eq. 20] remains undefined so far for a
volcanic plume, due to its dependency from the unknown quantities u,,;. Complete CFD
simulations of turbulent plumes coupled with particles could provide a better
understanding of this collisional kernel in future.

Sedimentation kernel /355 is due to differences in particle terminal velocity because of size,

density, and shape. (Textor & Ernst, 2004) suggest to compare gravitational and turbulent

effects using their respective accelerations as a term for comparison. (Pruppacher & Klett,
e3/4

2004) provide an expression for turbulent acceleration for particles with St < 1: a; = Ve

2
In this case g < a; for >0.1 7:—3 . For larger particles with St > 1 the acceleration due to

turbulent eddies with size y,,, between the largest one (= plume radius) and the smallest
one before viscosity terms become dominant (i.e. the Kolmogorov micro-scale yy) is:

2/3
a, = €¥m)™" Textor shows that using reasonable numbers for y,,, of 10, 100 and 1000

Ym

meters, g > a,, for a wide range of values of the dissipation rate of turbulent kinetic energy

2
(e <100 7:—3). In practice this means that gravitational collection should be the dominant

process for larger sizes in most of the volcanic plume and cloud. Nevertheless this
comparison is true under the assumption that particles are under sedimentation: but
volcanic particles are dragged upwards by the rising plume and as a rule of thumb
sedimentation does not occur until upward velocity is higher than particles terminal
velocities. From the comparison of Gaussian profiles of plume velocity and terminal
velocities (Carey & Sparks, 1986) derive that relevant parts of the volcanic plume are not
affected by sedimentation for particles with sizes less than 1 mm. This suggests that the role
of the sedimentation kernel ﬁ}}s inside a volcanic plume may be over-estimated if the role
of the drag due to the upward velocity is neglected.
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To sum up the previous analyses, the common leading parameters among all the different
kernels concern the relative velocities and projected areas of two colliding particles. The source of
uncertainty is the knowledge of the velocities assumed by different sizes in different fluid-dynamical
conditions. In this report the collisional kernels of (Folch et al., 2016) will be used. They represent a
good compromise between general features of particles inside the volcanic plume and simplicity.
Once clarified the collisional part, we focus on the sticking efficiency a(mi, mj). This parameter is a
dimensionless number that expresses the probability to have a given number N, of stuck particles
over the total number of collisions Ny for each couple of particles with mass m; and m;. The implicit
assumption here is that the sticking efficiency is an ensemble average (a(mi,mj)) over different
collisions, involving couples of particles with the same physical and chemical features. In order to
have the sticking, the relative kinetic energies of the two colliding particles must be depleted by
dissipative mechanisms. Several processes are responsible for this, including viscous dissipation due
to the presence of liquid layers upon the surfaces, presence of adhesion forces (electrostatic,
chemical, etc.), work spent to rearrange the internal structure of aggregates, etc. A complete and
exhaustive experimental investigation of all these processes is still far to be achieved, but theoretical
expressions for specific cases are reported in literature. In this work the formulation of (Costa et al.,
2010) for wet sticking is applied. This model is a recalibration for the volcanic environments of what
contained in the work of (Liu & Litster, 2002). The expression used for the sticking efficiency is a
function of the viscous Stokes number St;;:

a;; =c —1 (21)
U (St /St,)T + 1
Wh _ _ _ 8pp|lii—1/j| didj . T . _ .
ere St,, =1.3,q =08, St;; = —_—— - ——-and ¢, is a multiplicative constant (¢; = 1 in the

ouy di+dj

original work). It is important to note that the sticking efficiency depends on the relative velocities of
particles, which is one of the major sources of uncertainties affecting the collisional kernels. Here we
follow the simplified approach of (Costa et al., 2010) and set the relative velocities equal to the
terminal velocities |v; — v;| ~ |vg; — vg;|. The formulation of (Eq.21) should be used in all the
situations where the pressure of water vapor inside the plume overcomes the saturation pressure of
humid air respect to a liquid surface. In fact, in this condition the vapor contained inside the plume
can condense and deposit upon the surfaces of interacting particles. One dimensional plume models
can provide general indications about this condition, but on the other hand they may neglect
important details due to turbulence and humid air entrainment that can lead to a local overcome of
the saturation pressure. In this work we make the assumption that the shape of the sticking matrix is
given by (Eq.21) throughout the rising plume, but different values will be investigated both for the
parameters q and c;. The idea is that, in general, the mathematical form of any sticking process
should describe the tendency to have a decrease in the efficiency as the sizes of the particles
involved increase, as shown from the plot of (Eg. 21) in fig.7.
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16. 7 - Thermal model

Explosions at Sakurajima Volcano are very similar to an instantaneous release of ash. This
observation justifies the idea of coupling the fixed-pivot equations with a non-sustained plume
model, like the thermal-co-ignimbrite model of (Woods & Kienle, 1994). To do that, the mass
conservation equation is split into the mass fraction n, of the dry gas phase, the mass fraction n,, of
the humid gas phase (vapor), the mass fraction n,, of the liquid water and, finally, the mass fraction
n, of the solid phase, introducing the equivalence for the bulk density pg = pgn, + pgn, + pgn,, +
pphs. In turn, the solid phase is divided among each bin according to the mass fractions x; in order to
assure Zfz”{” x; = 1. We introduce some basic definitions to describe the contributions of dry air and
vapor from the atmosphere to the model. Defining the atmospheric mixing ratio g, as the ratio of
the mass fraction of vapor n,, relative to the mass fraction of dry air n,,, the following relations
hold for atmospheric values (Degruyter & Bonadonna, 2012):

Pa = Palad + PaNay (22)
P (1+gqy) 1 (23)
panad:RT- Rd.(1+q>
via g + 7 x
I _(1+qx)_( Gx ) (24)
Paltar = BT, . L Ra \1+g,
4t}
v

The expressions above are all function of known environmental quantities except for the mixing ratio
q,- This quantity can be expressed in terms of the saturation vapor pressure e, and the relative
humidity 7y,:

:T'&' €s (25)
Ax hRd P—es

The modified conservation equations for mass yield to a new set of relations describing the thermal
model in terms of a dry air gas phase, a vapor gas phase and, more important, a set of equations
equal to the number of size bins available for the solid phase:

Dry air phase: dra — 26
yairp = §m-3and] =41 rzksuppanad 29
Vapor: d 4 = A —=nripgn 27
P dt § zr3anU] =4 rzksuppanav 3 3 ppn, A )
Liquid water: d 4 — 28
| dtl3 r3anW] - 3nr3f’3nvl )
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Solid phase drd . ] 4 (29)
— |=nripgngx;| = =mr°m;(B; — D;
(size I) dt 13 PBMNsX; 3 z( i z)
Momentum: aré4 _ 4 . (30)
3™ P | =9 (pa = pp) 3T
Enthalpy: d[4 u?
= §nr3p3 CpT, + gh+ 7”
= 4nr?pakeu, (C,T, + gh) (31)
d 4 3
+ L I [§ nr Pan]
Z-coordinate: d (32)
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Figure 4. Outputs from the thermal model for an eruption with v_p0=150 m/s, r_0=50 m, n_d0=0.02, n_v0=0.02, n_s0=0.96,
n_w0=0. Basic plume quantities such as temperature, radius, velocity and density differences displayed as a function of the
height of the thermal.
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The fixed-pivot equations (Eq.10-11) enter on the right-hand side of (Eq.29). This implementation
represents a simplified description of the problem from several points of view, but it shows clearly
how the discrete equations for aggregation can be embedded inside a more complete transport
model for plume dynamics. This set of ODEs is solved explicitly with the ODE45 Runge-Kutta solver of
Matlab. The typical outputs from the thermal model are shown in (fig. 4).

16. 8 - Results and discussion

16. 8.1 - Sensitivity investigations

Despite its simplifications, equations (26)-(32) represent a good testbed to analyze the
dependence of the Smoluchowski equations on some key parameters implicit in the theoretical
formulation. Three fundamental aspects of the thermal model are briefly analyzed here: i) the role of
particle breaking (disaggregation) and its importance to not overestimate particle aggregation; ii) the
importance of the initial conditions on the gas mixture; iii) how sensitive are the outputs to changes
in the sticking efficiencies. For all the simulations shown in this section an initial distribution of
particles equal to a Gaussian with mean of 5 ¢ and variance of 2 ¢ is used. It is sampled every 0.5 ¢.

1) A complete approach describing collisions between particles and aggregates should also
describe their tendency to break if their relative kinetic energies are high enough to destroy
their bonds or internal structures. Disaggregation somehow compensates the amount of
aggregates and keeps the grain size distribution similar to the initial one, or even finer.
Progressively, as the relative kinetic energies decrease, aggregation prevails on breakings
and equations (26)-(32) become reasonable to describe the population balance inside the
thermal plume. We assume different initial areas above the vent where aggregation is
forbidden in order to test the final TGSD (Fig.5): these areas are parameterized respect to
the vent, from a null region (red bars) to 10 times the initial radius (blue bars). Results of
Fig.5 show that neglecting the effect of particle disaggregation near the vent has severe
consequences on the final distribution. Unfortunately, it is not easy to define quantitatively
the region where aggregation can be considered as the leading process, since it depends on
the relative velocities of particles and on the strength of the bonds. This deserves further
investigation in a future.

2) Fig.5 shows that small changes in the initial conditions of mass fractions for the four
different phases may lead to significant differences in the final grain size distribution. In fact,
these parameters directly affect the concentration of solid fraction inside the plume and,
consequently, the number of particles per unit volume. Fig.6 reports different runs with
different initial conditions for phases in the dusty gas mixture.
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Figure 5. Sensitivity test to investigate the effects of a “no aggregation zone” close to the vent, in order to account
for the effects of disaggregation on the final distribution. The width of this region is parameterized with respect to
the vent radius (equal to 50 meters). Colored bars are relative to the final grainsize distribution at the top of the
plume. Red bars show a plume model where aggregation is considered from the beginning of the eruption. The
initial grain-size distribution (Gaussian with mean =5, variance = 2) is shown inside the small box.
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Figure 6. Sensitivity test to investigate how different initial gas fractions in the mixture can affect particle
aggregation. n_d0 indicates the amount of initial dry air in the mixture, and n_v0 indicates the amount of vapor.
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3) The role of madifications in the sticking efficiency is studied. This is particularly relevant
since the sticking efficiency is a quantity poorly constrained, especially in volcanology. We
focused on two different aspects of (Eq. 21): the role of two parameters c;and q. c; is
simply a multiplicative constant, on the other side g alters the global shape of (Eq.21) as
shown in Fig. 7.

g =4 - . ; q:fj_ﬂ‘.

Figure 7. Effect of the g parameter on the sticking efficiency (Eq. 21). Smaller values of g involve larger sizes in
aggregation processes.

In fig.8a it is interesting to notice that if we consider correct the original value of ¢; =1, a
difference in 10% in ¢, (red line) produces negligible differences among the particles classes.
Instead a difference in 50% in ¢, (blue line) can produce in this case a difference for a single
class up to 30%. Deeper consequences on aggregation are related to the parameter q, that
basically alters the shape of the sticking matrix and modifies the threshold where the
sticking is zero between different particle sizes. The higher the values of q the slower will be
the efficiency among larger sizes. In fig.8b it is evident how q really influences the final
outputs, since it basically modifies the role of different collisional mechanisms inside the
equations. In fact the sticking efficiency can be seen as a weight applied to the collisional
kernel that can inhibit some sizes to be aggregated. This short analysis shows how
dramatically important is a good knowledge of the sticking processes, since small changes in
the parameters can affect deeply the aggregation. Future laboratory experiments,
specifically designed for volcanic ash and aggregates, could fill the gap between quantities
required by the theory and our present knowledge.

16. 8.2 - Application to the Sakurajima eruption of the 3" of August 2013

In this work the main goal is to capture general aspects of ash aggregation in a real context
avoiding complexity. As already mentioned, some basic information is missing for the eruption of 3"
of August at Sakurajima volcano (Japan), like the Total Grain Size Distribution (TGSD) and details on
the initial conditions for the gas-solid mixture at the vent. Nevertheless field observations for this
particular eruption provide alternative ways of comparison with models, such as the timescales of
aggregation. As mentioned in the previous paragraphs, numerical inversions and direct observations
at Sakurajima Volcano indicate that the observed aggregates formed within a time-window of 180
seconds after the eruption (Bagheri et al., 2016). This time threshold is used here as a term of
comparison.
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Figure 9. Final TGSD for a Vulcanian-type eruption. The initial grainsize distribution is taken from the eruption of 18
July 2005 at Montserrat Volcano (Cole et al., 2014). Different gas fractions are evaluated as initial conditions for the
thermal.
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The initial TGSD of a weak Vulcanian eruption occurred at Monserrat on the 18 of July 2005 (fig.9
— blue lines) is considered as initial condition. From direct observations we know that the eruption
consisted of at least three main explosions, where the second and the third happened around 20
seconds and 50 seconds after the first one. The three thermals merged in a single large cloud which
reached the maximum height of ~ 2800 m a.s.l. after 240 seconds. In Fig.9 the expected TGSD at the
top of the plume is reported for four different initial scenarios (details in tab.2). In all these four
scenarios aggregation is not allowed within 5 initial radii above the vent, which correspond to 35 s in
time after the eruption. Final TGSD show how the expected maxima of weight fractions are around 3
¢. All the four scenarios produce plume heights that are in good agreement with ground
observations, but the third scenario (ngzy = n,, = 0.1) seems to be quite unrealistic for the rising
time of the thermal. Ash aggregation is expected to reduce the total number of particles inside the
volume, conserving the mass.
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Figure 10. Total number of particles inside the thermal volume as a function of time. Time stops when the plume velocity
approaches zero. In a pure aggregation model, the total number of particles is expected to decrease continuously until the
plateau, where aggregation is no more effective due to the reduced concentration of particles. Two initial conditions for the
forbidden zone for aggregation are analysed: five times the initial radius, i.e. 250 m (a) ten times the initial radius, i.e. 500 m

().

The rate at which this happens is a function of the particle concentration inside the plume. At a
specific time t, aggregation will be not more effective and the total number of particles will converge
to a plateau. A good indication about t, is given from the analysis of the decay curve shown in
fig.10a. Fig.10a shows that aggregation never stops completely but that its efficiency drops
dramatically as the concentration reduces: we can define t, as the time where the drop happens.
This reveals that 150 s < t, < 380 s for all the different scenarios under analysis (see tabh.2 for
details). The theoretical time window is thus in good agreement with the observed value of 200 s.
However the sensitivity test on the region above the vent with no aggregation (see previous section)
suggests investigating how the timescales change if we modify the extension of this region. Running
aggregation immediately after the eruption leads to extremely short timescales which are quite
unrealistic if compared with what we observed in the field. An increase of the no-aggregation region
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up to ten initial radii (which corresponds to a maximum time of 35 s after the eruption, depending
on different mass fractions concentrations — see fig.10) leads to a time window of high efficiency for
aggregation comprised between 220 s < t, < 450 s. This confirms that pure aggregation models,
i.e. without breaking of particles, tend to seriously overestimate the effects of particles aggregation
if run immediately above the vent.

Ngo Nyo o (m) vo (m/s) k. t.(s)
Scenario 1 0.01 0.05 50 150 0.25 250
Scenario 2 0.05 0.01 50 150 0.25 230
Scenario 3 0.1 0.1 50 150 0.25 400
Scenario 4 0.01 0.01 50 150 0.25 150

Table 2. Initial conditions used for all the different simulated scenarios

16. 9 - Conclusions

In this work we have combined two different aspects of volcanic ash aggregation: field
observations and theoretical description. Field data presented in this paper come from the eruption
of 3" of August at Sakurajima Volcano and they are based on combination of High-Speed movies and
particle collection on sticky papers. Observations show the presence of large particles (= 300 —
700 um) inside the aggregates and a maximum time of formation of 180 s. This means that ash
aggregation is a fast process, at least within the observed conditions. The theoretical perspective
starts from the so-called Smoluchowski Coagulation Equation, which describes the change in mass of
a population of particles interacting with given collision frequencies and sticking efficiencies. Several
quantities and initial conditions are not easy to constrain and this represents a weak point for
predictions. Nevertheless we showed that the way we combined aggregation and volcanic plume
theory produces scenarios that are comparable to the observations. The main outcome of this work
is the application of the Smoluchowski theory and the validation with field data that was never
attempted before. Regardless of the many main assumptions used in the theory, the main aspects of
collisions between particles are considered : the death and birth term for a pure aggregative process,
the most important collisional kernels and the size dependent sticking efficiency . The combination
of transport processes inside volcanic plumes and aggregation equations produces timescales that
are reasonable with the observed data. This is a key result that should not be taken for granted a
priori. Our promising outcomes confirm that the Smoluchowski Coagulation Equation and our
theoretical approach are appropriate and relevant to the description of particle aggregation in
volcanic plumes and clouds.
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During all my life | have been always fascinated by nature and its beauty: with the image of the
Sombrero Galaxy (M104) in my mind | started my academic career in Physics, at the University of
Pisa (Italy). My first turning point was to deviate from astronomy to focus on something closer here
on the Earth. | did my master thesis in underwater acoustics and naval noise pollution, dividing my
time in recording underwater noise with hydrophones and making ray-tracing models to describe it.
But the second turning point of my career was even greater. Fascinated by a Jules Verne’s book (it is
easy to guess which one..), | became more and more curious in volcanoes and their hidden
mechanisms. The ITN NEMOH project was exactly open at that time and it seemed a perfect occasion
offered by fate to develop my curiosity. In November 2012 | joined the physical volcanology group at
University of Geneva (Switzerland) under the supervision of prof. Costanza Bonadonna. The topic of
my PhD is volcanic ash aggregation and sedimentation, a very interesting and complex subject since
it has deep consequences on civil aviation and hazard in general. The strategy of investigation of ash
aggregation was immediately clear: to develop a theoretical description in parallel with laboratory
experiments at the vertical wind tunnel in Geneva. But as commonly happens in science, the
observation of nature always stimulates new ideas and reveals new challenges. During a field
campaign at Sakurajima Volcano (Japan), the observation of falling aggregates with high-speed
cameras suggested that the theoretical description should have been more complete and complex. |
spent almost all my PhD working on this, with promising results that | believe could be the ground
for future innovative experimental investigations. One of the main advantages as a Marie-Curie
fellow has been the possibility to spend several periods abroad for my scientific training. The most
important ones have been at the INGV section of Bologna with Dr. Antonio Costa and at the UK
MetOffice in Exeter, always working on ash aggregation.

As a scientist | have clear in mind that one of the most important attitudes in modern research is to
make connections. This means to be capable to see the common features that mysteriously relate
different fields. | have been lucky in this. Aggregation and its theoretical description seem to be the
mathematical key to open several and, up to now, closed doors. Volcanic ash, food industry,
planetary formation, social studies: they all show common theoretical features. My wish for the
future is to prove to my-self that these connections really exist. That there is a common language in
what seems to be far in space, time and mind.

303






NMMB-MONARCH-ASH: Pioneering on-line coupled volcanic ash forecasting

Chapter 17

Volcanic ash modeling with the on-line NMMB-MONARCH-ASH
model: model description, applications, and quantification of off-
line modeling errors.
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Abstract

Volcanic ash modeling systems are used to simulate the atmospheric dispersion of volcanic ash and to
generate forecasts that quantify the impacts from volcanic eruptions on infrastructures, air quality, aviation,
and climate. The efficiency of response and mitigation actions is directly associated to the accuracy of the
volcanic ash cloud detection and modeling systems. Operational forecasts build on off-line coupled modeling
systems where meteorological variables are updated at the specified coupling intervals. Despite the concerns of
other communities regarding the accuracy of this strategy, to date, no operational on-line dispersal model is
available to forecast volcanic ash and the quantification of the systematic errors and shortcomings associated to
the off-line modeling systems has received no attention. This work presents a comprehensive view of several
papers that describe, validate and quantify off-line modeling errors with NMMB-MONARCH-ASH, a pioneering
model to predict ash cloud trajectories, concentration of ash at relevant flight levels, and the expected ground
deposit for both regional and global domains. The on-line coupled version of the model has been demonstrated
to remove most inconsistencies found in traditional off-line modeling systems, offering high performance
capabilities in terms of computational efficiency and modeling accuracy. The model has been successfully
validated against several well-characterized eruptive events, and it has outperformed other traditional off-line
dispersal models (i.e. FALL3D). The outcome of this paper encourages operational groups responsible for real-
time advisories for aviation to consider employing computationally efficient on-line dispersal models.

Keywords: NMMB-MONARCH-ASH, volcanic ash transport, numerical modeling, operational
forecast, natural hazards, error quantification.
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17.1 - Introduction

Volcanic ash modeling systems are used to simulate the atmospheric dispersion of volcanic ash
and to generate operational short-term forecasts to support civil aviation and emergency
management. These systems are vital in efforts to prevent aircraft flying into ash clouds, which could
result in catastrophic impacts (e.g. Miller and Casadevall, 2000). The aviation community is
concerned about the detection and tracking of volcanic ash clouds to provide timely warnings to
aircrafts and airports. In the event of an eruption, the individual Volcanic Ash Advisory Center (VAAC)
responsible for the affected region combines ash cloud satellite observations and dispersal
simulations to issue periodic Volcanic Ash Advisories (VAAs). These are text and graphical products
informing on the extent of the ash clouds at relevant flight levels and their forecasted trajectories at
6, 12 and 18 hours ahead that are updated periodically or whenever significant changes occur in the
eruption source term. All this information is used to ensure flight safety by supporting critical
decisions such as closure of ash-contaminated air space and airports or diversion of aircraft flight
paths to prevent encounters. The noteworthy economic impact and social disruption of these air
traffic restrictions are, therefore, directly associated to the accuracy of the volcanic ash cloud
detection and modeling systems.

Volcanic ash modeling systems require of: i) a source term model to characterize the emission of
ash depending on the so-called Eruption Source Parameters (ESPs); ii) a meteorological model
(MetM) for the description of the atmospheric conditions, and; iii) a Volcanic Ash Transport and
Dispersal Model (VATDM) to forecast the particle transport and deposition mechanisms (Fig. 1).
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Figure 1. Schematic representation of the main components of an Atmospheric Transport Model. Red text shows model
specifications for the transport of volcanic ash (Marti et al., 2017).
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The MetM and the VATDM can be coupled either “on-line” or “off-line”. In an off-line modeling
system, the MetM runs a priori and independently from the VATDM to produce the required
meteorological fields at regular time intervals, e.g. every 1 or 6 hours for typical mesoscale and
global operational MetM outputs respectively. Meteorological fields are then furnished to the
VATDM, which commonly assumes constant values for these fields during each time coupling
interval or, at most, performs a linear interpolation in time. In contrast, in an on-line modeling
system, the MetM and the VATDM run concurrently and consistently and the particle transport is
automatically tied to the model resolution time and space scales, resulting in a more realistic
representation (Fig.2).
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Figure 2. Schematic representation of the different coupling approaches for the meteorological (MetM) and transport and
dispersal (TDM) models. Green and red arrows describe whether data consistency is preserved or not, respectively.

The off-line approach is convenient in terms of computing time because different VATDM model
executions are possible without re-running the meteorological component, e.g. to update the source
term whenever the eruption conditions vary, for inverse modeling of ash emissions (e.g. Marti et al.,
2016), or to perform an ensemble forecast (e.g. Galmarini et al., 2010) in which all the ensemble
members share the same meteorological conditions. However, notwithstanding the increase of
computational power in recent years and the fact that the total computing time required to run an
on-line coupled model is actually not substantially larger (e.g. Grell and Baklanov, 2011; Marti et al.,
2017), the benefits of the traditional off-line systems are at question. In addition, there is a concern
that off-line systems can lead to a number of accuracy issues (e.g., inaccurate handling of
atmospheric processes) and limitations (e.g., neglect of feedback effects) that can be corrected by
online approaches (Grell et al., 2004). These inconsistencies are especially important when
meteorological conditions change rapidly in time or for long-range transport.

Despite these concerns and experience from other communities involved in the atmospheric
dispersion of pollutants (e.g. air quality; Zhang, 2008; Baklanov et al., 2011), which have highlighted
the importance of the on-line coupling strategy and its competence to solve these inconsistencies
(Forkel et al., 2016), to date, no operational on-line dispersal model is available to forecast volcanic
ash. Seemly, it is also surprising that the quantification of modeling errors and shortcomings
associated to the off-line coupling strategy has received no attention despite the lessons learned
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from other communities. Considering this framework, the focus on developing a fast and reliable on-
line meteorological and atmospheric transport model to pioneer research and operational forecast
for volcanic ash, and quantifying the model shortcomings and systematic errors associated with
traditional off-line forecasts is timely. In this context, this paper has four objectives:

1) Introduce NMMB-MONARCH-ASH, a new multiscale meteorological and atmospheric
transport model which aims at pioneering the forecast of volcanic ash and aerosols;

2) Present several applications of the NMMB-MONARCH-ASH on-line modeling system that
properly illustrate the severe disruptive effects of tephra dispersal from volcanic eruptions;

3) Quantify the model shortcomings and systematic errors associated to traditional off-line
forecasts employed in operational set-ups;

4) Present an application where employing traditional off-line modeling systems such as
FALL3D is convenient in terms of computing time.

17. 2 - NMMB-MONARCH-ASH: model description

NMMB-MONARCH-ASH (Marti et al., 2017) is a novel on-line meteorological and atmospheric
transport model to simulate the emission, transport and deposition of volcanic ash and aerosol
particles released during a volcanic eruption. The model predicts ash cloud trajectories,
concentration of ash at relevant flight levels, and the expected ground deposit for both regional and
global domains. The on-line coupling in NMMB-MONARCH-ASH allows for solving both meteorology
and tephra/aerosol transport concurrently and interactively at every time-step. The model attempts
to pioneer the forecast of volcanic ash and aerosols by embedding a series of new modules on the
Barcelona Supercomputing Center (BSC) operational system for short/mid-term chemical weather
forecasts (NMMB-MONARCH, formerly known as NMMB/BSC-CTM; Badia et al., 2017; Jorba et al.,
2012), developed at the BSC in collaboration with the U.S National Centers for Environmental
Prediction (NCEP) and the NASA Goddard Institute for Space Studies. A comprehensive description of
NMMB-MONARCH-ASH is presented in Marti et al., (2017). The following sections present a brief
summary of the main components of the model.

17. 2.1 - Meteorological core

The meteorological core, the Non-hydrostatic Multiscale Model on a B grid (NMMB - Janjic and
Gall, 2012), is a fully compressible meteorological model with a non-hydrostatic option that allows
for nested global-regional atmospheric simulations by using consistent physics and dynamics
formulations. The non-hydrostatic dynamics were designed to avoid over-specification. The cost of
the extra non-hydrostatic dynamics is about 20% of the cost of the hydrostatic part, both in terms of
computer time and memory. The Arakawa B-grid horizontal staggering is applied in the horizontal
coordinate employing a rotated latitude-longitude coordinate for regional domains and latitude-
longitude coordinate (Janjic, 2003) with polar filtering for global domains. Rotated latitude-longitude
grids are utilized for regional simulations in order to obtain more uniform grid distances. In the
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vertical, the Lorenz staggering vertical grid is used with a hybrid sigma-pressure coordinate. The
general time integration philosophy in NMMB uses explicit schemes when possible for accuracy,
computational efficiency and coding transparency (e.g., horizontal advection), and implicit for very
fast processes that would otherwise require a restrictively short time-step for numerical stability
with explicit differencing (e.qg., vertical advection and diffusion, vertically propagating sound waves).
The NMMB model became the North American Mesoscale (NAM) operational meteorological model
in October of 2011, and it has been computationally robust, efficient and reliable in operational
applications and pre-operational tests since then. In high-resolution numerical weather prediction
applications, the efficiency of the model significantly exceeds those of several established state-of-
the-art non-hydrostatic models (e.g. Janjic and Gall, 2012). The computational efficiency of its
meteorological core suggests that NMMB-MONARCH-ASH could be used in an operational setting to
forecast volcanic ash (Marti et al., 2017).

17.2.2 - The volcanic ash module

The volcanic module is embedded within the NMMB meteorological core to solve the mass
balance equation for volcanic ash, taking into account: i) the characterization of the source term
(emissions); ii) the transport of volcanic particles (advection/diffusion); and iii) the particle removal
mechanisms (sedimentation/deposition). A schematic representation of the ash module in NMMB-
MONARCH-ASH is presented in Figure 3. The options implemented in the model to represent the
different ash-related processes are described in detail in Marti’s et al. (2017) section 3.

The coupling strategy of NMMB-MONARCH-ASH can be turned on or off, depending on the

solution required (on-line vs. off-line). The on-line version of the model solves both the
meteorological and aerosol transport concurrently and consistently. This strategy allows the particle
transport to be automatically tied to the model resolution time and space scales, resulting in a more
realistic representation of the meteorological conditions. In contrast, the off-line approach uses an
“effective wind field” in which, meteorological conditions (e.g. wind velocity, mid-layer pressure,
etc.) are set to constant, and are only updated at specific coupling intervals (i.e. time for which
meteorological fluctuations are not explicitly resolved). This strategy replicates the off-line coupling
effect of traditional dispersal models used at operational levels (e.g. every 1 or 6 hours for typical
mesoscale and global operational MetM outputs respectively).
To assure the conservativeness of the model, the model includes a conservative, positive definite
and monotone Eulerian scheme for advection. The positive definiteness is guaranteed by advecting
the square root of the tracer using a modified Adams-Bashforth scheme for the horizontal direction
and a Crank-Nicolson scheme for the vertical direction. The conservation of the tracer is achieved
due to conservation of quadratic quantities by the advection scheme. Monotonization is applied a
posteriori to eliminate new extrema (Janjic et al., 2009).
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Figure 3. Schematic representation of the ash module in NMMB-MONARCH-ASH (green dashed lines).
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17. 2.3 - Operational set-up and numerical performance

The Barcelona Supercomputing Center is currently working on a modeling integrated system to
provide operational forecast of volcanic ash with NMMB-MONARCH-ASH. Details about the
preliminary implementation of the system are presented in (Marti et al., 2017). The system includes
a preprocessing tool, an executable file to run the model, and a user-based postprocessing utility
tool. In addition, the system takes a series of input files to define the computational, meteorological
and volcanological parameters of the model. Figure 4 shows a simple schematic representation of
the operational implementation of NMMB-MONARCH-ASH.
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Figure 4. Schematic representation for the operational implementation of NMMB-MONARCH-ASH (Marti et al., 2017).

The preprocessing utility system consists of a set of programs whose collective role is to prepare
the model for real-data simulations. Programs are grouped to preprocess geographical,
meteorological and climatological inputs and interpolate them to the model grid(s). The postprocess
utility tools are designed to interpolate outputs from the NMMB-MONARCH-ASH native grid(s) to
National Weather Service (NWS) standard levels (pressure, height, etc.) and standard output grids
(Lambert Conformal, polar-stereographic, etc.) in NetCDF format. The system also includes specific
programs to produce similar plots to the Volcanic Ash Graphics (VAG) used by Volcanic Ash Advisory
Centers in operational forecasts.
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The high computational efficiency of the NMMB meteorological driver allows for the application
of nonhydrostatic dynamics at a global scale (Janjic et al., 2009), and supports that the NMMB-
MONARCH-ASH could be used in an operational forecast of volcanic ash clouds (Marti et al., 2017).
Model parallelization is based on the well-established Message Passing Interface (MPI) library. The
computational domain is decomposed into sub-domains of nearly equal size in order to balance the
computational load, where each processor is in charge to solve the model equations in one sub-
domain. The Eulerian schemes in the model require relatively narrow and constant width halos (i.e.
data points from the computational domain of neighboring sub-domains that are replicated locally
for computational convenience), which simplify and reduce communications.

For operational purposes, the computational time employed to provide ash dispersal forecast
using NMMB-MONARCH-ASH was evaluated in Marti et al., (2017) for the global simulation of the
2011 Caulle eruption (see Table 1) but with only 1 bin of ash. The maximum time required by the
model to perform a 24 h forecast, running all the available processes (e.g., advection, diffusion,
sedimentation, etc.) every time-step (180 seconds) is less than 3 minutes when using the best
domain decomposition presented above. This time can be further optimized for operational
purposes, i.e., calling the model physics less frequently in order to save computational time. In terms
of computational cost, the computational efficiency of the NMMB-MONARCH-ASH meteorological
core allows for on-line integrated operational forecasts employing between 2 and 3 times less than
the Weather Research and Forecasting Model (ARW-WRF; Skamarock et al., 2008), and an equivalent
computational time than FALL3D for the same computational domain and number of processing
cores.

NMMB-MONARCH-ASH FALL3D
. 39 ka
2011 Cordon Caulle 197()'32?]?’“0“ 2010 Eyjafjallajokull 2001 Mt. Etna Campanian
Ignimbrite
Source Term
(emissions) 23h
Duration 582?1?{5 12h 96h gudz?ﬁ Suzuki
Vertical S Point source Suzuki distribution o distribution
e distribution distribution
distribution . Degruyter and Degruyter and Bonadonna . ~2.08x
Mastin et al. Mastin et al. 14,
MER Bonadonna (2012) (2012) 107"kg/s
) (2009) (2009)
formulation
Ash bins 11 bins 5 bins 5 bins 8 bins 14 bins
Aggregation Cornell et al. Cornell et
model Percentage None None (1983) al. (1983)
Sedimentation Ganser
model Ganser (1993) Ganser (1993) Ganser (1993) Ganser (1993) (1993)
Run Set-up
Number of 512 64
processors Regional / Global é?(?bal 256 ;ieional Regional
Domain 0.15°x0.15° /1°x 19%0.750 Global 0 0%0 % 0,050 0.25° x
Vertical layers 0.75 60 ’ 0.15° x 0.15° 60 66 ' 0.25°
Top of the 60 21 hPa 21 hPa 21 hPa 60
atm. 21 hPa 0.1 hPa

Table 1. Model configuration for several NMMB-MONARCH-ASH and FALL3D runs. Meteorology boundary conditions from the
ECMWF Eralnterim Reanalysis were reinitialized every 6h with a spatial resolution of 0.75° x 0.75°.
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17. 3 - On-line applications with NMMB-MONARCH-ASH

17. 3.1 - Volcanic ash forecast

NMMB-MONARCH-ASH has been validated against several well-characterized events including,
the Mt. Pinatubo 1991 (Philippines), Mt. Etna 2001 (Italy), Chaitén 2008 (Chile), Eyjafjallajokull 2010,
(Iceland) or Cordon Caulle 2011 (Chile) eruptions (e.g Marti et al., 2013, 2014, 2017). Here we
summarize the ash dispersal results for the regional and global configurations of the model for the
2011 Cordon Caulle eruption. This event represents a typical mid-latitude Central and South Andean
eruption, where dominating winds carried ash clouds over the Andes causing abundant ash fallout
across the Argentine Patagonia. A detailed chronology of the eruption can be found in Collini et al.,
(2013) and Elissondo et al., (2016), the stratigraphy and characteristics of the resulting fallout
deposit are described in and Bonadonna et al., (2015b), and a summary of the environmental
impacts of the eruption is discussed in Raga et al., (2013). This event is evidence of the global nature
of the volcanic ash dispersion phenomena and highlights the need for accurate real-time forecasts of
ash clouds. The model domain and ESP characteristics for this case are presented in Table 1.

17.3.1.1 - Regional configuration

The regional computational domain spans in longitude from 41° W to 81° W and in latitude from
18° S to 58° S. Runs were performed with the on-line version of NMMB-MONARCH-ASH from 3 June
2011 at 00:00 UTC to 21 June 2011 at 00:00 UTC. Daily eruption source parameters and grain size
distributions were obtained from Osores et al., (2014) and Collini et al., (2013), respectively. Model
results for the airborne mass concentration of ash were validated using qualitative and quantitative
comparisons with data obtained using two different techniques. Here we present the qualitative
comparison between the simulated column mass (g m?) from the model and the NOAA-AVHRR
satellite imagery provided by the high-resolution picture transmission (HRPT) division of the
Argentinian National Meteorological Service. Figure 5 shows how NMMB-MONARCH-ASH predictions
for cloud trajectory and arrival times are in agreement with the NOAA-AVHRR satellite imagery
observations, capturing the major dispersion episodes.

A quantitative comparison between the model results and the airborne ash mass loadings
described above can be found in Marti et al., (2017). Results from the NMMB-MONARCH-ASH
forecast for ash deposition were validated against an isopach map derived from measurements
taken for the period beginning on 4 June until 30 June. Figure 6 illustrates the model results at the
end of the simulation (30 June) against the measure ground deposit presented by Collini et al.,
(2013). Deposit load variations produced by remobilization were not considered in this analysis.
Results shows good agreement between the modeled deposit load (kg m?) at the end of the
simulation and the measured ground deposit isopachs (kg m'z) at 30 June from. Finally, the model
resulted in a cumulative mass of ~4.2 x 10! kg. This value is in agreement with previous works,
where total mass was either modeled (Collini et al., 2013) or estimated by empirical fits (Bonadonna
etal., 2015b).
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Figure 5. Composite image of NMMB-MONARCH-ASH results for dispersion of ash for the 2011 Caulle eruption at different
time slices. Simulation results are compared against split windows algorithm NOAA-AVHRR satellite images (bands 11-12
microns). Contours indicate ash column load (g m?) resulting from integrating the mass of the ash cloud along the atmospheric
vertical levels. (Marti et al., 2017).

17.3.1.2 - Global configuration

The model domain for the global configuration is presented in Table 1. Figure 7 shows the global
dispersal of ash for the 2011 Corddn Caulle eruption after different times of the simulation. As it can
be inferred from this figure, by 10 June, the plume entered the Australian and New Zealand airspace
(Fig 7b) covering more than half of the southern hemisphere. At that point, the Civil Aviation
Authority of New Zealand warned pilots that the ash cloud was between 20,000 and 35,000 feet (6
to 11 kilometers), the average cruising level for many aircraft. Before the end of our simulation, on
13 June the ash cloud had completed its first circle around the globe. This is in agreement to satellite
images reported by the Darwin Volcanic Ash Advisory Centre (Darwin VAAC, 2011). Finally, results
from the global simulation are also in agreement with those from our regional run.
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Figure 6. Left: measured ground deposit isopachs (kg m™) for the period beginning on 4 until 30 June. Dashed lines infer the
limit of the deposits (modified from Collini et al., 2013). Right: Predicted deposit load (kg m?) with NMMB-MONARCH-ASH at
the end of the simulation. Key locations in blue include San Carlos de Bariloche (SCB; 90 km from the vent), Ingeniero
Jacobacci (1J; 240 km), and Trelew and Viedma (~ 600 km SE and NE of the vent, respectively) - (Marti et al., 2017).

17. 3.2 - Forecasting impacts on air traffic

Explosive volcanic eruptions pose proximal hazards by tephra fallout and can disperse fine ash
and volcanic aerosols over vast areas of the globe thereby causing long-range air traffic disruptions.
Several disrupting events occurred in recent years, including the 2010 Eyjafjallajokull, 2011
Grimsvotn, and 2011 Cordén Caulle eruptions, led to large economic losses to the aviation industry
and its’ stakeholders, and demonstrated the global impact of the phenomenon.

NMMB-MONARCH-ASH can furnish values of airborne concentration at relevant flight levels (FL),
defined as the vertical altitude (expressed in hundred of feet) at standard pressure at which the ash
concentration is measured. This information is particularly important for air traffic management and
can be used to decide alternative routes to avoid an encounter with a volcanic cloud. Airborne
concentration at FLO50 (5,000 feet on nominal pressure) is relevant for the determination of flight
cancellations and airports closures, while concentrations at FL300 (30,000 feet) are critical to assist
flight dispatchers while planning flight paths and designing alternative routes in the presence of a
volcanic eruption. The model runs as if responding to an eruptive event, i.e. we only used the semi-
quantitative data available at that time as volcanological inputs.

17.3.2.1 - Regional application

Here we employ the regional configuration of NMMB-MONARCH-ASH presented in the previous
section to forecast the airspace contamination caused by the 2011 Caulle eruption during the 6-7
June at flight levels FLO50 and FL300, within a latitude band between 20° S and 55° S. Figure 8 shows
the volcanic cloud twisting in different directions during that period of time, achieving critical
concentration values within a wide area east of the Andes range.
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Figure 7. NMMB-MONARCH-ASH total column concentration (mass loading; mg m?) from global simulations. Results for a) 8
June at 09:00 UTC, b) 10 June at 04:00 UTC, and c) 14 June at 06:00 UTC. Modified from Marti et al., (2017).
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On 6 June, simulation results show the volcanic cloud at high atmospheric pressure (~ 30,000 feet
or 300 hPa) moving northwards, and the one at lower atmospheric pressure (~ 5,000 ft or 50 hPa)
threatening the main international airports that service the region of Buenos Aires (Fig. 8a). In the
morning of 7 June, the ash cloud present at lower atmospheric pressure (~ 5,000 ft or 50 hPa)
changed its direction towards the SW, ultimately affecting part of the Patagonia and Chile (Fig. 8b),
while higher ash clouds started their course around the globe (Fig. 8c). These results suggest that the
cancellation of multiple flights in several Argentinean airports during this time was justified.

Figure 8. NMMB-MONARCH-ASH Flight level ash concentrations (mass loading; mg m™®) before and after closure of the Buenos
Aires (Ezeiza) airport and air space. Results for FL50 (left) and FL300 (right) for a) 6 June at 11:00 UTC, b) 7 June at 04:00 UTC,
and c) 7 June at 12:00 UTC. Safe ash concentration thresholds are shown (red contours illustrate “No Flying” zones) (Marti et
al., 2017).
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17. 3.2.2 - Global application - Deception Island (Geyer et. al., 2017, NSR)

Here we evaluate the potential impacts of ash of a 1970-like eruption scenario from one of the
most active volcanoes in Antarctica, Deception Island (Marti et al., 2013). The Eruption source
parameters for this scenario (Table 1) were obtained from Pedrazzi et al. (2014), who inferred a
column height 10 km and a volume of 0.1 km® using field data from Geyer et al. (2008) and Pallas et
al., (2001). The particle Total Grain Size Distribution (TGSD) was reconstructed from tephra deposits
measured at Livingstone island (Geyer et al., 2008; Pallas et al., 2001).

The seasonal climate variability of Antarctica is mainly triggered by the Southern Annular Mode
(SAM). Changes in this mode explain up to 30% of the deseasonalized variability in both geopotential
and winds. For this reason, we considered employing typical meteorological situations for the
Antarctic summer (1982) and winter periods (1995). These two meteorological situations were
selected randomly in order to avoid possible subjective bias in the date selection. For each of these
two periods (S-82/W-95), the specific days with season-mean upper-level winds were selected for
simulations.

Figure 9 shows the model meteorological results over the South Pole during the two selected
seasons (S-82/W-95). A persistent large-scale clock-wise circulation around an upper-level low-
pressure zone located close to the Pole is clearly visible at any time. The polar vortex extends up to
the stratosphere, with a global-scale circulation covering latitudes from 70° up to 50° depending on
the period. At these stratospheric levels (15km height plots), the resulting polar jet stream is very
intense (wind speeds over 60 m/s), widening notably during the winter (Fig. 9b) and narrowing
during the summer (Fig. 9a). This is also true close at the tropopause (10km height plots), where
Rossby waves start to form and large-scale wind meandering appears. Finally, at mid-tropospheric
levels (5 km height plots), the meteorological situations show lesser seasonal dependency and are
characterized by a breaking of the jet stream and a pronunciation of the meanders reaching much
lower latitudes. These well-known synoptic situations have implications on tephra dispersal patterns
and anticipate distinct behaviors depending on the volcano location and eruption column height. On
the one hand, low plumes (<10 km) from high-latitude (>70°) volcanoes are likely to be confined
within the less-intense-winds zone encircled by the jet stream, i.e. displaying no transcontinental
dispersal. However, this may not be the case for higher plumes, which could be advected towards
the continental periphery and then entrapped by the jet stream before ash settles on the ground.

Figure 10 shows global-scale air traffic impacts for the summer seasons. At global scale,
moderate to high values of ash column load (>1 g m™) are found up to 4 days (96 h) after the
eruption. The highest cloud column mass load values (>100 g m'z) are limited to the first 48 h after
the eruption start and are mainly found over the Atlantic Ocean, the Scotia and the Weddell Seas.

However, a residual amount of ash (0.1-1 g m'2) is still present in the atmosphere up to 8 days
after the eruption onset. Ash concentrations above the flight safety thresholds (0.2-2 mg m*, orange
and red contours) can be observed over South Africa and, in some cases, over southern Australia or
even over austral Patagonia, confirming the potential threat of this DI eruptive scenario to aviation
activity.
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Figure 9. NMMB-MONARCH-ASH meteorological results over the South Pole during the summer (a), and winter (b) seasons.
Plots show wind vectors and velocity contours (in ms™) at 5 (top), 10 (middle) and 15 (bottom) km a.sl., roughly corresponding
to mid-troposphere, tropopause and stratosphere respectively.
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Figure 10. Global-scale NMMB-MONARCH-ASH model results for the summer period at different time instants (2, 4, 6, and 8
days after the eruption). An eruptive column of 10 km height was considered for the 1970-like scenario to simulate: a) the
total column mass loading (in g m?), b) the concentration of ash at Flight Level FLO50 (in mg m™®), and c) the concentration at
FL250. Safe ash concentration thresholds are shown (red concentration contours illustrate “No Flying” zones).
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17. 4 - Quantification of off-line modeling errors (Marti, 2017b, ACP)

Since the 2010 Eyjafjallajokull eruption in Iceland, considerable effort and progress has been
made to quantify and reduce ash cloud modeling and forecasting errors associated with a number of
critical aspects (e.g. Bonadonna et al., 2012, 2015) including, among others, characterization of the
source term and related uncertainties in model inputs (e.g. Costa et al., 2016) model
parameterization of relevant physical phenomena (e.g. aggregation, particle settling velocities,
deposition mechanisms, etc.), propagation of errors in the driving MetM forecast, or satellite
detection and retrieval algorithms. However and surprisingly, the quantification of shortcomings
associated to the off-line coupling strategy has received no attention despite the fact that lessons
from other communities show that these can be substantial (e.g. Baklanov et al., 2014).

Marti et. al. 2017b quantifies the model shortcomings and systematic errors associated with
traditional off-line forecasts. NMMB-MONARCH-ASH simulations were performed to account for the
sensibility of the off-line modeling option towards the coupling interval and the dispersal distance of
the forecast. Case studies were considered for a synthetic eruption with constant eruption source
parameters and for two historical events, which suitably illustrate the severe disruptive effects on
the aviation industry of European (2010 Eyjafjallajokull) and South-American (2011 Cord6n Caulle)
volcanic eruptions. Finally, the magnitude of the model forecast errors implicit in the off-line
approach was evaluated by comparing it with other better-constrained sources of forecast error, e.g.
uncertainties in eruption source parameters.

On-line forecasts were evaluated against simulations from four different off-line coupling
intervals (i.e. 1, 3, 6 and 12h) to compare the skills of each off-line coupling approach in terms of
their ash column loading (ACL). We used different quantitative and categorical evaluation scores to
do so, including: i) basic continuous evaluation scores (e.g. RMSE, bias, Pearson’s correlation
coefficient); ii) the SAL score, a three-dimensional quantitative object-based measure (Wernli et al.,
2008); iii) and a set of categorical score values (i.e. POD: probability of detection, FAR: false alarm
ratio, FBI: frequency bias index, and the FMS: Figure of Merit in Space score employed for
operational forecast in meteorology (e.g. Shrestha et al., 2013). These scores were grid-point-based
comparing observations and predictions per grid cell and computing various metrics for the entire
set or subset of grid-points. Ash-contaminated grid cells are selected based on an ash cloud loading
threshold value of ~0.2 g m™ (Prata and Prata, 2012). For the purpose of this study, forecasts predict
ash cloud trajectories and concentration of ash at relevant flight levels for a period up to 48 hours.
This approach is consistent with most volcanic ash forecasts operational systems.

Figure 11 shows a qualitative comparison between the on-line and the different off-line coupled
forecasts (i.e. 1, 3, 6 and 12h) corresponding to the first explosive phase (14-18 April) of the 2010
Eyjafjallajokull eruption. Qualitative comparisons are presented for each coupling interval in
different rows (i.e. 1% row = 1h; 2" row = 3h; 3 row = 6h; 4™ row= 12h coupling). Areas in grey
(“Hits”) represent grid points for which both forecasts (off-line and on-line) exceed the established
threshold. Red areas (“Misses”) indicate those regions where the off-line forecast fails to predict
existing ash (underprediction). Finally, blue areas (“False Alarms”) illustrate those domain areas for
which only off-line forecasts exceed the threshold, implying a false prediction of ash
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(overprediction). In general terms, off-line forecasts for the Eyjafjallajokull event tend to overpredict
towards the north of the plume and to underpredict towards the south. While results of the 1h off-
line forecast indicate mostly Hits (H), Fig. 11 clearly suggests that the number of Missed (M) and
False Alarm (FA) points increase with the coupling frequency and the length of the forecast.
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Figure 11. Qualitative comparison between the on-line and off-line forecasts with 1h (row 1), 3h (row 2), 6h (row 3) and 12h
(row 4) coupling intervals. Hit (grey), Missed (red) and False Alarm (blue) predictions are shown for the 2010 Eyjafjallajokull
case over time.

As a consequence, these forecasts would miss, for example, the arrival of volcanic ash over
northern Germany in the late afternoon of 16 April as indicated by the DWD ceilometer network at
the time of the eruption (Flentje et al., 2010). As a general rule, Fig. 12 suggests that for the
Eyjafjallajokull eruption, off-line forecasts with coupling intervals of 3h and above could result in
significant inconsistent predictions (M + FA areas). Figure 12 shows the results of the quantitative
and categorical metrics for the forecast ACL evaluation as a function of the length for each coupling
frequency of the forecast for the 2010 Eyjafjallajokull application. In general terms, metrics lessen
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their scores for longer coupling intervals and forecast lengths. For the purpose of summarizing the
results of these evaluation scores, we focus on describing those scores from the 6h-coupled forecast.
After 48h of simulation, the 6h-coupled forecast scores show barely any correlation with the on-line
forecast and a RMSE of 0.149 ¢ m?. Bias scores suggest that all off-line forecasts tend to
underestimate ACL between -0.33 and -2.5 g m” at the end of the forecast. SAL scores indicate that
both structure and amplitude from the off-line forecasts explain most of the discrepancy with the
on-line forecast. Particularly, amplitude scores indicate that off-line forecasts tend to underestimate
the total concentration of ash in the domain by a factor of 1.5 with. Location scores suggest a
comparable mass distribution of the ACL fields for the on-line and off-line forecast. Categorical
metrics indicate that POD scores are below 50% (i.e. 0.46) at the end of the simulation with FAR
scores suggesting a misrepresentation of near 45% objects in the domain. Results from the
Frequency Bias metric indicate that all off-line forecasts tend to overestimate the ACL. Finally, FMS
scores suggest that the spatial overlap between the on-line and the offline forecasts after 48h of
simulation is below 50% for those simulations with coupling intervals of 3h or more.

e
| - —
12h [ — .
. . \.
-==Gh i A A - ? .
— —3h I e 2 i W1 R R .
5 1 . "
Th
" s
] TEEEEEE. o o R B v oW T oW oA a4
-------------- — 4 e e e e e e e 3 e [
u . al " ]
. 1 N oY . .
[ '8 .
L | W g
] i L i L
g . .
) i oF S
am

TEEER

_..._,_,.
Fiw
|
|

[

Fem | am

A s o

Foracaut frvw by Forscund ira P Forecat e ey

Figure 12. On-line vs. off-line evaluation scores for the 2010 Eyjafjallajokull case.

17. 4.1 - Model intercomparison NMMB-MONARH-ASH vs. FALL3D

In order to further evaluate the operational forecast capabilities of NMMB-MONARCH-ASH, a
model intercomparison study is performed against the FALL3D model operational at the Buenos
Aires VAAC. Simulations with the same spatial resolutions and model inputs were conducted to
evaluate the performance of the models for the reconstruction of the 2001 Etna (Italy) eruption (see
Table 1). The 2001 Etna eruption represents a good test to study short events where tephra deposits
are well represented. For this particular case, simulation results are compared against tephra
observations reported in Scollo et al., (2007). Figure 13 suggests an improvement on modeled tephra
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distribution across the dispersal area by NMMB-MONARCH-ASH if compared with FALL3D
simulations for the same event (Rz; 0.80/0.64), reducing the RMSE (0.014/0.24) and bias (0.02/0.6)
by an order of magnitude.
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Figure 13. Simulated versus observed thicknesses for the reconstruction of the 2011 Etna eruption with NMMB-MONARCH-
ASH (circles) and FALL3D (crosses). The solid bold line represents a perfect agreement, while the dashed and solid thin black
lines mark the region that is different from observed thicknesses by a factor 5 (1/5) and 10 (1/10), respectively.

17. 5 - Reconstruction of historical eruptive events with off-line modeling systems

Reconstructing the volume and tephra dispersal from volcanic super-eruptions is necessary to
gain further insight into these catastrophic events and assess their widespread impact on humans,
ecosystems and climate. Many aspects of volcanic super-eruptions are not fully understood due to a
lack of historical precedents, and such eruptions must be reconstructed from their geological
deposits employing inversion modeling. For scenarios where ensembles activities or inversion
modeling is required, the use of off-line modeling systems is preferred over more complex on-line
systems. In this context, a novel computational approach is applied to infer the eruption source
parameters for each phase of the Campanian Ignimbrite (CI) eruption accounting for the
gravitational spreading of the umbrella cloud (Fig. 14).
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Figure 14. Schematic diagram (not to scale) of a super-eruption event with an initial (left) sustained Plinian phase followed by
a column-collapse and large pyroclastic density currents eventually leading to co- ignimbrite plumes offset from the vent
(right).

Our methodology uses the FALL3D tephra dispersion model in conjunction with a downhill
simplex inversion method (Connor and Connor, 2006) that selects a solution that best represents
each phase of the eruption. Two independent datasets (Engwell et al., 2014) containing deposit
thickness were used for inversion and validation. This novel approach improves modeled tephra
distribution across the dispersal area when compared with the traditional single-phase approach
from Costa et al. (2012) (R% 0.81/0.77), and reduces the RMSE by ~33% (0.18/0.27) and bias by ~52%
(0.21/0.47). The inclusion of the gravity-driven transport improves tephra distribution in proximal
areas reducing the overall RMSE by ~20% and the bias by ~20% (0.28 to 0.21). The full description of
this work can be found in (Marti et al., 2016). Additionally, an interactive website providing a layman
explanation of this methodology and its results is available to the general public at:
(http://www.bsc.es/viz/campanian_ignimbrite).

From a climactic perspective, the amount of sulfur dioxide (SO,) released by the eruption was
estimated to be 168-178 Tg of SO, (84-89 Tg S), most of which reached the stratosphere, assuming
negligible release in the troposphere (Self, 2004). These values represent a 10-15% decrease
compared to previous Cl reconstructions as a single-phase event (Costa et al., 2012) and are three
times higher than those estimated for the largest historic eruption, the 1815 Tambora event (Self,
2004). Finally, tephra fallout from the eruption would have reduced the area available for human
settlement in Europe by up to 30% (Fig. 15) causing a halt in the westward dispersal of modern
human groups and leading to a significant “genetic bottleneck” (Zilhdo, 2006). This being considered,
it is possible that modern humans would have gravitated towards repopulating these recovered
areas rather than resuming their westward dispersal, permitting prolonged Neanderthal survival in
South-Western Europe.
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region that is different from observed thicknesses by a factor 5 (1/5) and 10 (1/10), respectively.
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17. 6 - Discussion and conclusive remarks

Employing on-line models for operational dispersal forecast requires larger computational
resources and is not always feasible at all operational institutes. Nevertheless, due to the increase in
computing power of modern systems, one can argue that such gradual migration towards stronger
on-line coupling of MetM with VADTM poses a challenging but attractive perspective from the
scientific point of view for the sake of both high-quality meteorological and volcanic ash forecast.
This paper demonstrates that traditional off-line forecasts employed in operational model setups can
result in significant uncertainties, failing to reproduce, in the worst cases, up to 45-70% of the ash
cloud of an on-line forecast. These inconsistencies are anticipated to be even more relevant in
scenarios where the meteorological conditions change rapidly in time.

This work discusses the modeling advantages of NMMB-MONARCH-ASH, a pioneering model to
predict ash cloud trajectories, concentration of ash at relevant flight levels, and the expected ground
deposit for both regional and global domains. The on-line coupled version of the model has
demonstrated to eliminate most typical inconsistencies found in traditional off-line modeling
systems, offering high performance capabilities in terms of computational efficiency and modeling
accuracy. The model has been successfully validated against several well-characterized eruptive
events, and it has outperformed other traditional off-line dispersal models (i.e. FALL3D). The
outcome of this paper encourages operational groups responsible for real-time advisories for the
aviation sector to consider employing computationally efficient on-line dispersal models.
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Abstract

Pyroclastic Density Currents (PDCs) are hot gravity-driven mixtures of gas and volcanic particles which travel
at high speed over the surroundings of the erupting volcano and can potentially cause massive life losses and
structural damage along their path. Volcanic hazard assessments of PDCs need to be as robust and accurate as
possible and should incorporate a quantification of the large uncertainties which are related to this volcanic
hazard. This is especially true for densely populated areas located in the vicinity of explosive volcanoes where
such a probabilistic hazard assessment is required well in advance of the onset of the eruption. One of the
greatest challenges in probabilistic hazard of PDCs is to find the optimal combination of the PDC physical model
and the uncertainty quantification technique which permits calculation of the probabilistic hazard at a
reasonable computational cost.

In this paper, we couple the Energy Cone model with Monte Carlo sampling techniques to explore two
crucial aspects of PDC hazard at Somma-Vesuvius (Italy), located barely 15 km away from the downtown of
Napoli (~ 1M population). Firstly, we quantitatively check the performance of Energy Cone against past PDC
deposits at Somma-Vesuvius. Jaccard similarity coefficients between 0.47 and 0.83 are higher than those
obtained for other volcanic mass flows models in the literature. The probability of simulating areas of PDC
invasion and maximum runouts equal or greater than those preserved from past eruptions ranges between 3%
and 60%. Moreover, the spatial distribution of the probability of PDC invasion is similar between simulations
and PDC deposits. Secondly, we quantify the impact of diverse sources of epistemic uncertainty on the Energy
Cone outputs. In particular, we address uncertainties arising from the Digital Elevation Model (DEM) resolution,
the parameterization of aleatory uncertainty, theoretical assumptions adopted in the modeling framework and
limitations in the physical model itself. Theoretical uncertainty is the largest source of epistemic uncertainty, up
to 100 times bigger than DEM uncertainty. Incorporating epistemic uncertainty in the hazard analysis allows us
to compute ranges of probability of PDC invasion (instead of single values) across the hazard domain. For
instance, these probabilities are found to be [1-15]% and [50-60]% beyond the topographic barrier of Mt
Somma, while they are [0-1]% and [0-15]% at the Napoli-Capodichino airport, for simulated eruptions in the
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order of magnitude of the 1631AD and Pompeii eruptions, respectively. All this information can be very valuable
in the light of improving probabilistic hazard assessment of PDCs at Somma-Vesuvius and the city of Napoli.

Keywords: probabilistic volcanic hazard, Pyroclastic Density Currents, epistemic uncertainty, Energy
Cone, Somma-Vesuvius

18. 1 - Introduction

Pyroclastic Density Currents (PDCs) are among the most dangerous physical processes that occur
during volcanic eruptions. They are hot gravity-driven complex mixtures of gas and volcanic particles
that travel at high speed over the surroundings of the erupting volcano (Cas and Wright, 1987;
Druitt, 1998; Branney and Kokelaar, 2002; Sulpizio et al., 2014). The extreme complexity of PDC
generation, transport, and deposition processes gives rise to large aleatory (inherent to PDC natural
variability) and epistemic (linked to different sources of incomplete knowledge) uncertainties.
Commonly, volcanic hazard associated with PDCs has been assessed through the extent of past PDC
deposits (Hall et al., 1999; Orsi et al., 2004; Gurioli et al., 2010) or has focused on single scenarios
(Esposti Ongaro et al., 2008; Sulpizio et al., 2010b; Procter et al., 2010), hence overlooking the whole
impact of the aforementioned uncertainties. Only recently, Probabilistic Volcanic Hazard
Assessment, PVHA (Newhall and Hoblitt, 2002; Aspinall et al., 2003; Marzocchi et al., 2004), which
provides a complete probabilistic description of the uncertainties associated with the volcanic
hazard, has become the pursued target. PVHA has been implemented for different volcanic hazards:
tephra fallout (Bonadonna et al., 2005), lava flows (Del Negro et al., 2013) or lahars (Sandri et al.,
2014); but it has not been applied yet extensively to PDCs (Dalbey, 2009; Spiller et al., 2014; Neri et
al., 2015). This is mainly due to the difficulty to simulate PDCs both in terms of numerical algorithms
and computational resources. PDC models that aim to reproduce the most detailed physics of the
process are computationally expensive (e.g. PDAC, Esposti Ongaro et al., 2008) and, therefore, not
suitable for the exploration of the large uncertainties involved in the hazard assessment. On the
other hand, simple models (e.g. Energy Cone, Malin and Sheridan, 1982) describing a few crucial
variables such as maximum runout or area of PDC invasion have been criticized because of their
physical oversimplifications which supposedly make them insufficient to capture the intrinsic
complexity of PDC transport. Nonetheless, a robust and structured validation of such models using
actual data from past PDC deposits has not been developed yet.

In this paper, we implement this kind of validation procedure for the Energy Cone model applied
to Somma-Vesuvius (Italy), a stratovolcano with the potential to produce large explosive eruptions
(Cioni et al., 2008) and located in a very highly-populated area which includes the city of Napoli. The
validation is set up in a completely blind manner, that is: (1) the data used to configure the Energy
Cone simulations are fully independent of the data utilized to validate them; and (2) the simulations
are set up to capture the natural variability (aleatory uncertainty) attainable during an eruption of a
given size. This setup is by no means restricted to the typology of past events at the volcanic system
under study. The major goal of our validation is to unravel whether the Energy Cone is able to
produce hazard footprints that are statistically reliable when compared to real data of PDCs, in terms
of maximum runout and area of PDC invasion. In other words: can a statistical sample (and/or all
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samples as a whole) of Energy Cone simulations capture the values and variability of some
parameters measured from the PDC deposits? Should the validation identify that the model is able
to capture such footprints, it would justify its application for a preliminary PVHA of PDCs over the
surroundings of Somma-Vesuvius.

Moreover, we provide a quantification of not only aleatory uncertainty but also four different
sources of epistemic uncertainty, utilizing a classification modified after Rougier and Beven (2013).
Input uncertainty refers to the lack of knowledge about boundary conditions, for instance the real
terrain over which PDCs propagate; here we quantify input uncertainty by running equivalent sets of
simulations over Digital Elevation Models (DEMs) with different horizontal spatial resolutions.
Parametric uncertainty stems from the fact that we do not know exactly the PDFs for sampling the
eruptive parameters describing the aleatory uncertainty; here we describe the effects of using
different kinds of PDFs on model output. Theoretical uncertainty is linked to the assumptions
adopted in the simulation strategy, for example, whether considering the model parameters as
independent or not; this source of epistemic uncertainty is addressed by testing several possible
relationships between the Energy Cone parameters. Finally, structural uncertainty derives from all
the simplifications of the model itself; in other words, it is the uncertainty that remains after having
run the model using perfect-known boundary conditions and the ‘best’ parameter values (Rougier
and Beven, 2013). We evaluate structural uncertainty by using computed values of misfit between
the ‘best’ set of Energy Cone simulations and past PDC deposits at Somma-Vesuvius. Exploring all
these sources of uncertainty allows us to quantify their specific contribution as recorded in the
model outputs. We express such a quantification through: (1) Empirical Cumulative Distribution
Functions (ECDFs) of the area of PDC invasion and the maximum runout; and (2) probability maps of
PDC arrival around Somma-Vesuvius (conditional on the occurrence of an eruption of a specific size).
The implications of this analysis are twofold: on the one hand, the method presented allows one to
rank the different types of uncertainty and check, quantitatively, their effect on the model outputs.
On the other hand, it provides a detailed and structured quantification of epistemic uncertainty
associated to modeling PDCs through the Energy Cone. This can be further applied to assess
epistemic uncertainty within PVHA tools and, in the end, may help to improve quantitative volcanic
risk assessments.

18. 2 — Geological setting and methodology

18. 2.1 - Somma-Vesuvius

Somma-Vesuvius is a nested caldera system with a main stratocone (Gran Cono) located about 15
km from the city of Napoli, in southern Italy (Fig. 1). Its present-day edifice shows a complex
morphology shaped during the last 40 ka and highlighted by the presence of Mount Somma, a
topographic remnant of several volcanic-edifice collapses that occurred during the last 20 ka (Cioni
etal., 1999). For hazard purposes, Cioni et al., (2008) proposed these last 20 ka of eruptive history as
a reasonable proxy for what to expect during future eruptions at Somma-Vesuvius. The authors
defined four main eruptive scenarios: Plinian, sub-Plinian |, sub-Plinian Il, violent Strombolian
eruptions and ash emission events. The first two classes would represent eruptions with Volcanic
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Explosivity Index, VEI (Newhall and Self, 1982), of VEI>5 and VEI4, respectively; while the last three
classes could be related to VEI3 eruptions (Cioni et al., 2008). These VEI classes were proposed by
Marzocchi et al., (2004) as an exhaustive set of the possible sizes in case of renewal of explosive
activity at Somma-Vesuvius, given the minimum energy required to re-open the conduit after the
current repose time of about 70 years. In terms of PDCs, Plinian and sub-Plinian eruptions tend to
generate more or less radial PDCs produced by partial and total column collapses and pyroclastic
fountaining, with different degrees of phreatomagmatic fragmentation involved in the process (Cioni
et al., 2008). In the case of sub-Plinian Il and violent Strombolian eruptions (approximately
equivalent to VEI3 and VEI2-3 eruptions, respectively, Cioni et al., 2008), PDC events can vary from
small-volume PDCs formed by column collapse to low-mobility hot avalanches (Hazlett et al., 1991).
In this study, we follow the assumption of Marzocchi et al., (2004) and the classification of eruption
sizes by Tierz et al., (2016a,b) and model PDCs attainable during small (violent Strombolian/sub-
Plinian 11I/VEI3), medium (sub-Plinian 1/VEI4) and large (Plinian/VEI>5) eruptions at Somma-Vesuvius.

] Eampanién,l’lfgin
AR - :
TEIw Y Nola-5armo

Mountains

£

Mt Somma

. : Somma-
Flegrei VeSUyius

Napoli Bay

Ssorrento
Peninsula

Figure 1. Geographical setting of the study area. Top left: map of South-Central Europe with Italy featured in the middle of the
map. The yellow square denotes the boundaries of the main image where different key locations are identified. The city of
Napoli stands on or is surrounded by 2 principal volcanic systems: Campi Flegrei to the west, and Somma-Vesuvius, our target
volcano, to the east. The Campanian Plain is the tectonic basin where the two volcanic systems originated. Some
geomorphological highs which limit the Campanian Plain are the Nola-Sarno Mountains (on the top-right of the map) and the
Sorrento Peninsula (on the bottom-right of the map). Northwards from Somma-Vesuvius, a remnant from a previous edifice
collapse is present: Mt Somma. A 3D view from the southwest (Torre del Greco is in the bottom-center of the sub-image) of
Somma-Vesuvius Gran Cono and Mt Somma caldera rim is displayed on the bottom left of the figure. Modified after Tierz et
al., (2016a).
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18. 2.2 - Energy Cone

The Energy Cone (EC) is an analytical model proposed by Malin and Sheridan (1982) to simulate
PDC propagation through a simplified formulation of the principle of the conservation of energy (the
Energy Line concept, Heim, 1932). The model assumes that potential energy (of the pyroclastic
mixture at the point of generation) is transformed into kinetic energy as the PDCs move away from
the volcanic source. The pyroclastic current behaves as a gravity-driven, cohesionless suspension of
particles and gas with mass remaining constant (Sheridan, 1979) and loses its energy, due to
effective friction, linearly with distance:

[(Hy + Ho) = h(X)] - g = 1/2 - V*(x) + gx - tang o

where H, is the height of the volcanic vent (a.s.l.), Hy is the height of column collapse (above H,), h(x)
is the topographic height at distance x from the vent, g is the acceleration of gravity, v(x) is the
velocity of the PDC at distance x, and tan¢ denotes the equivalent coefficient of friction, in other
words, the PDC mobility (the smaller ¢, the more mobile the PDCs). PDCs stop where the Energy Line
intersects the topographic surface (i.e. all energy has been dissipated):

'a (Xstop) =0 > (Hy *+ Ho) - Hstop = L - tane )

where Xqqp is the point where PDCs stop, Hsp is the topographic height (a.s.l.) of the point, and L is
the PDC runout (for a given EC simulation: max(L) = MR, the maximum runout of PDCs). Note that
tang = AH/L (with AH being the total vertical drop or the difference in height between PDC initiation
and stopping).

Therefore, the main model parameters are the collapse height (Ho) and the PDC mobility ().
Other parameters are the DEM over which the simulation is run, the number of Energy Lines
simulated, and the x-y coordinates for PDC initiation. Regarding the latter, we choose the current
central crater of Somma-Vesuvius given that the vent-opening probability over the crater area is
considerably higher than outside it (Sandri et al., 2009). For the number of Energy Lines, we use 7200
lines, one per each 0.05° of azimuth around the volcano.

18. 2.3 - Aleatory uncertainty description

We model aleatory uncertainty (i.e. the natural variability in PDC generation and propagation
that can occur during an eruption of a given size at Somma-Vesuvius) through the following steps: (1)
define a closed set of collapse height and PDC mobility values per each eruption size; (2) within each
set, parameterize a Probability Density Function (PDF) which describes the relative likelihood of each
value; (3) draw a representative sample (10,000 realizations) of each PDF through Monte Carlo
sampling schemes; (4) run the Energy Cone 10,000 times (one per each Hp-¢ couple) for each
eruption size.

Steps (1) and (2) are constrained according to the PDC phenomenology expected during
eruptions of different magnitude, as explained before. Collapse heights are modeled through
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Truncated Exponential PDFs bounded between 20 m and 0.1H; m (Tierz et al., 2016a,b), where H;
represents total eruption column heights (per eruption size) simulated by Sandri et al. (2016) at
Somma-Vesuvius. PDC mobility is modeled through Truncated Gaussian PDFs (Sheridan and Macias,
1995; Tierz et al., 2016a,b) which are parameterized using data from a worldwide database of PDC
mobility for volcanic systems similar to Somma-Vesuvius (Ogburn, 2012). Consequently, we assume
that the ¢ values in the database are a good proxy for the mobility of PDCs at Somma-Vesuvius.
Table | shows the PDF parameterizations for each model parameter (Ho, @) and each eruption size.
Finally, steps (3) and (4) above allow us to propagate aleatory uncertainty into the Energy Cone
outputs. The effect and impact of aleatory and epistemic uncertainties can then be displayed
through Empirical Cumulative Distribution Functions (ECDFs) or through maps of frequency of PDC
arrival over the hazard domain (Tierz et al., 2016a; see next subsection).

EC param. Collapse Height (Ho) [meters] PDC mobility (¢ = atan(aH/L)) [degrees]
PDF Trunc. Exp. Linear Decay Trunc. Gaussian Asymm. Tukey Window
PDF param. At min max min max 4 o min max a b min max
Small 173 20 1000 20 1000 22 6 15 36 18 28 15 36
Medium 441 20 2000 20 2000 | 17 8 8 28 10 25 8 28
Large 807 20 3498 20 3498 12 4 2 20 10 15 2 20

Table I. Summary of the shape parameters for Probability Density Functions (PDFs) of Ho and ¢ (before truncation) utilized to
quantify aleatory and parametric uncertainties in PDC modeling at Somma-Vesuvius (Italy), considering three eruption sizes:
small, medium and large. EC: Energy Cone; param.: parameters; Trunc.: Truncated; Exp.: Exponential; Asymm.: Asymmetric;
A" mean of the Exponential PDF; u and ¢: mean and standard deviation of the Gaussian PDF a and b: lower and upper
boundaries, respectively, of the equal-probability plateau of the Asymmetric Tukey PDF; min: minimum value; max: maximum
value. N.B. A is indicated as the average value from all A calculated from the eruption column heights simulated by Sandri et
al., (2016).

18. 2.4 - Epistemic uncertainty description

The epistemic uncertainty associated with modeling of PDCs via the Energy Cone can be
disassembled into different contributions. Here we follow a classification modified after Rougier and
Beven (2013) and quantify four sources of epistemic uncertainty, namely: input, parametric,
theoretical and structural (Tierz et al., 2016a). Input uncertainty is linked to boundary conditions
such as the DEM over which the Energy Cone simulations are run. We assess input uncertainty by
running the same set of simulations over DEMs with different spatial resolutions from 10 m up to 80
m. Parametric uncertainty derives from the fact that the ‘proper’ PDFs to model the aleatory
uncertainty are unknown, that is: there is not enough knowledge or data to perfectly constrain them.
We assess parametric uncertainty by repeating steps (2) to (4) in the previous sub-section using
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alternative PDFs: Linear-Decay PDF for Hy and Asymmetric Tukey Window PDF for ¢ (Fig. 2). We
finally compare the Energy Cone outputs (area of PDC invasion and maximum runout) coming from
different PDF combinations (Tierz et al., 2016a). Theoretical uncertainty stems from incomplete
knowledge about the possible relationships between collapse height and PDC mobility. While recent
papers have proposed somewhat opposite relationships between the parameters (Esposti Ongaro et
al., 2008; Doyle et al., 2010), AH vs ¢ data from many volcanoes do not show any specific pattern
(Ogburn, 2012; Tierz et al., 2016b). We assess theoretical uncertainty by splitting our simulations
into three different Hy-mobility patterns (direct, inverse and independent) and comparing the Energy
Cone outputs derived from each of them. Lastly, structural uncertainty arises from all the limitations
of the PDC model or, in other words, it would be the epistemic uncertainty that remains when all
other sources of epistemic uncertainty vanish (Rougier and Beven, 2013). We assess structural
uncertainty (as a first-order approach) by computing the misfit between the ‘best’ set of simulations
and the observed/actual values of area of PDC invasion and maximum runout, and then using these
misfit values to modify the outputs computed when just the aleatory uncertainty is accounted for. By
‘best’ set of simulations we consider those which have areas and runouts the closest to the observed
ones.

There are two main ways in which we present our uncertainty quantification. The first is based
upon ECDFs, that is: functions which display p(X < x) according to a given vector of empirical data, in
our case the Energy Cone outputs (X is an output random variable and x is a particular value of the
variable). Aleatory uncertainty is denoted by a single ECDF (Exponential-Gaussian outputs). Epistemic
uncertainty materializes as the dispersion of this ECDF and is quantified by the area between
alternative ECDFs (Tierz et al., 2016a). The second way of expressing uncertainty is by mapping it into
the hazard domain. Aleatory uncertainty is the probability (here approximated as the frequency
based on the Energy Cone simulations) of PDCs arriving at each grid point of the domain. Epistemic
uncertainty is represented by the dispersion around this probability (Marzocchi et al., 2004, 2008).
This dispersion can be shown through frequency-difference maps where the differences in frequency
(probability) of PDC arrival, depending on the source of epistemic uncertainty considered, are
mapped into the hazard domain (Tierz et al., 2016a; see section Frequency maps).

18. 2.5 - Validation procedure

We evaluate the ability of EC to reproduce some features of PDC propagation and emplacement
by comparing the aleatory-uncertainty outputs for each eruption size with PDC deposits preserved
from eruptions of equivalent size (Gurioli et al., 2010; Hazlett et al., 1991). We develop three
approaches to check the EC performance (Tierz et al., 2016b): (a) compute and analyze the values of
some validation metrics defined ad-hoc; (b) assess the likelihood of simulating areas of PDC invasion
and maximum runouts similar to the ones measured from the deposits (through the use of p-values);
(c) qualitatively compare the spatial distribution of the probability of PDC arrival as obtained with EC
and the PDC deposits.
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Figure 2. Schematic representation of the origin and way of addressing the different types of uncertainty (aleatory and
epistemic) presented in this paper. Aleatory uncertainty (solid lines) is described through Probability Density Functions (PDFs)
of the Energy Cone (EC) model parameters: collapse height, Ho, and PDC mobility, ¢ (note that H, values are not to scale and ¢
values might seem greater than the actual values used in the paper). Every simulation provides a value of area of PDC invasion
(not shown) and maximum runout (MR; bottom right of the cartoon). Input uncertainty is explored by running the EC over
Digital Elevation Models (DEMs) with diverse spatial resolutions (also notice that only the horizontal position of the 20, 40 and
80 m DEM grid points has to be considered). Parametric uncertainty is characterized by means of alternative choices for the
PDFs (e.g. Tukey or Linear PDFs; dotted-dashed lines). Theoretical uncertainty arises from the fact that possible relationships
between H, and ¢ are not known. Finally, structural uncertainty derives from all the simplifications adopted by simulating the
real phenomenon, PDCs, using EC. Modified after Tierz et al., (2016a).
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The quantitative validation metrics created are the following:

Areal Fit (AF): is the ratio between the intersection area, Ant = Aogs N Agim, (Where Aggs is
the area of invasion measured in past PDC deposits and Agy is the area of invasion
simulated through the EC), and the union of areas, Ay = Aogs + Agm — A, @ measure
commonly known as the Jaccard similarity coefficient (Jaccard, 1926). Hence: AF = Ay / Ag.
This metric is dimensionless and can range from 0 to 1. AF = 1 only in the case that the
simulated area is exactly equal to the preserved PDC area. Whenever Ag, is bigger, smaller
or does not coincide in space with Aggs, the fit is penalized and AF < 1, reaching zero in the
case that no overlapping occurs between both areas.

Areal Overestimation (AO): is a measure of the over- or under-estimation of Agy with
respect to Agss: AO = Aogyer — Aunps Where Agyer is the simulated area that exceeds the area
covered by deposits and Ayyp is the area of the deposits which is not covered by the
simulation. That is, if AO > 0, the simulation overestimates the PDC deposit area; if AO < 0,
then the simulation underestimates the PDC deposit area. The units of the metric are km®.

Areal Misfit (AM): is a measure of the overall bias between the simulated and the observed
area of PDC invasion, expressed as the total area that lies outside Ay, i.e. AM = Agyer +
Aunp. The units of the metric are km?.

18. 3 —Results
18. 3.1 - Empirical Cumulative Distribution Functions (ECDFs)

ECDFs are a graphical expression of aleatory and epistemic uncertainties once these are
propagated into the Energy Cone outputs: area of PDC invasion and maximum runout. Crucial
questions in terms of hazard assessment can be addressed through the use of ECDFs. For instance:
are the PDC invasion areas or the maximum runouts very widespread? Are they dominated by small
or large values? Which output variable is most influenced by considering diverse sources of
epistemic uncertainty? Does epistemic uncertainty have a greater impact on the outputs of a specific
eruption size? Some of these questions will be discussed in the next section. Here we describe the
general patterns and most meaningful quantities found in our data.

As a reminder, aleatory uncertainty is described by the outputs coming from the following
configuration (Tierz et al., 2016a): Truncated Exponential PDF (for Hy), Truncated Gaussian PDF (for
¢), independent pattern between Hy, and ¢, all simulations run over the 40m-resolution DEM.
Alternative configurations, which lead to alternative ECDFs, are a description of epistemic
uncertainty. In particular, and this applies to every source of epistemic uncertainty, the area
between ECDFs represents the extent of each source. Therefore, the following example illustrates
the extent of aleatory and theoretical uncertainties for area of PDC invasion in large-size eruptions
(Fig. 5 in Tierz et al., 2016a): to say that the 80th percentile of area of PDC invasion is equal to 450
km? is a measure of aleatory uncertainty; to say that the 80th percentile of area of PDC invasion falls
within the range [250, 450] km2 is a measure of theoretical uncertainty. Table Il collects the median
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and 90th percentile values of area of PDC invasion and maximum runout for the three eruption sizes
analyzed. A general feature observed in the whole output dataset is the positively-skewed ECDFs,
indicated by systematically higher means than medians. This may be caused by the use of the
Truncated Exponential PDF for Hy. In the following, we detail more specific findings per each type of
uncertainty (Fig. 3).

ECDFs are commonly characterized by a high percentage of simulations with very low values of
area of PDC invasion and maximum runout due to the blocking of the Energy Lines by the most
proximal topography of the volcano (Tierz et al., 2016a). All ECDFs do also show a wide range of
output values with considerably rare but very high values located in the tail of the distributions. For
instance, the maximum values of area of PDC invasion reach about 100, 1000 and 3700 km? for
small, medium and large eruptions, respectively. Concerning the maximum runouts, the highest
values occur around 6, 19 and 47 km, respectively. Moreover, the ECDFs display a horizontal
segment from 0.3 km to 1-3 km (depending on the eruption size) which means the virtual absence of
maximum runouts in between those two values. This is again a result of individual Energy Lines
interacting with the crater topography (Tierz et al., 2016a). For both output variables, extreme
values are restricted to very high percentiles (i.e. they are very rare events). Taking into account only
large eruptions, areas of PDC invasion equal or greater than 1000 km? represent about the 5% of the
cases, while maximum runouts equal or greater than 30 km occur approximately in 1% of the
simulations.

Alternative ECDFs describing input uncertainty are really similar to the ECDF obtained from the
aleatory uncertainty quantification. This is true for both area of PDC invasion and maximum runout.
The highest absolute values of input uncertainty, for small, medium and large eruptions respectively,
are around 3, 7 and 25 km?2 for area of PDC invasion and 1, 1.5, 3.5 km for maximum runout. Fig. 3
shows that the extent of input uncertainty is low for maximum runout and almost indistinguishable
for area of PDC invasion, especially in the case of medium and large eruptions.

ECDFs exhibit a larger impact of parametric uncertainty, with respect to input uncertainty, on
both area of PDC invasion and maximum runout and, mostly, in medium and large eruptions (Fig. 3).
Small eruptions are featured by similar values of input and parametric uncertainties. Maximum
absolute values of parametric uncertainty are found to be about 20, 300 and 700 km2 for area of PDC
invasion and 1, 4 and 8 km for maximum runout, regarding small, medium and large eruptions,
respectively.

Theoretical uncertainty shows the largest contribution to total epistemic uncertainty. Its highest
absolute values, for small, medium and large eruptions respectively, are as big as 90, 850 and 3000
kmz2 for area of PDC invasion and 3, 11 and 33 km for maximum runout. These values are the
response to two main facts which maximize them: (a) the inverse-pattern output distribution (the
larger Ho, the more reduced the PDC mobility) has a much tighter range of output values which,
besides, are smaller than the outputs in the aleatory uncertainty ECDF; and (b) the direct-pattern
output distribution (the larger Hq, the higher the PDC mobility) has a moderately heavier tail than the
aleatory uncertainty ECDF.
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Figure 3. Aleatory and epistemic uncertainty description of the area of PDC invasion (A) and maximum runout (MR) of PDCs at
Somma-Vesuvius (Italy) for three different eruption sizes: small (green), medium (blue) and large (red). The aleatory-
uncertainty output ECDF lies within the band of input uncertainty. Note how the contribution of each type of epistemic
uncertainty to the total uncertainty changes along the graphs. Modified after Tierz et al., (2016a).
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Structural uncertainty is the most uniform source of epistemic uncertainty (Fig. 3). The maximum
absolute values are found at approximately 6, 50 and 380 kmz for area of PDC invasion, and about
0.7, 3 and 8 km for maximum runout, when investigating small, medium and large eruptions,
respectively. It is important to note that more refined characterizations of structural uncertainty (i.e.
spatially-varying gquantifications according to the main flow behavior expected from PDCs at a given
distance from the vent) would be quite worth implementing.

Output var. Area of PDC invasion [km?] Maximum Runout [km]

Erup. size Small Medium Large Small Medium Large

Percentile | 5ot goth  50th  90th 50th 90th | 50th 90th 50th 90th 50th  90th
AU 0.075 161 215 149 138 725 0.183 141 158 743 7.26 15.6
18] [00] [23] [26] [149,155] [138,145] [725734] | [0,0] [1,2] [22] [7.8] [7.,7] [16,16]
PU [00] [23] [215] [139,177] [134,186] [703,834] | [0,0] [1.2] [23] [7.8] [7.8] [15.17]
TU [00] [02] [23] [52149] [138,144] [329,725] | [0,0] [01] [22] [57] [7.71 [10,16]
SuU [04] [0,6] [0,28] [121,174] [21,397] [609,985] | [0,1] [1,2] [0,3] [6,9] [311] [12,20]

Table II. Summary of 50th and 90th-percentile statistics computed from the Energy Cone simulations at Somma-Vesuvius
(Italy) for two output variables (area of PDC invasion and maximum runout), three eruption sizes (small, medium and large)
and different types of uncertainty. AU: aleatory uncertainty; IU: input uncertainty; PU: parametric uncertainty; TU: theoretical
uncertainty; SU: structural uncertainty. N.B. All numbers are rounded to the nearest integer apart from the AU values which
display three significant figures (including leading zeros).

18. 3.2 - Conditional-probability maps

A second way of quantifying and displaying aleatory and epistemic uncertainties propagated into
the Energy Cone outputs is by means of the spatial conditional probability of PDC arrival (CP), in this
case approximated as the frequency of PDC arrival calculated from the 10,000 simulations per each
eruption size analyzed. Hence, at each grid point over the hazard domain, this conditional probability
(CP) is:

CP=3" /N ©)

where r; is a variable which takes the value 1 if the grid point has been inundated by PDCs according
to the i-th simulation and 0 otherwise, and N is the total number of simulations (10,000 per each
size, 30,000 considering all eruption sizes). As introduced before, aleatory uncertainty is assessed by
a single value of probability, obtained from the configuration indicated in the previous subsection.
Epistemic uncertainty is defined as the dispersion in this single value of probability (Marzocchi et al.,
2004) and it is assessed through computing the probability of PDC arrival taking into account
alternative configurations (Table I1I).
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In particular, the impact of specific sources of epistemic uncertainty can be displayed spatially as
the differences (ACP) between their probability (frequency) of PDC arrival and the probability of PDC
arrival when accounting only for aleatory uncertainty. That is, a positive value of ACP indicates that
the probability of PDC arrival for that specific configuration is greater than the probability of PDC
arrival when accounting only for aleatory uncertainty (and vice versa for negative ACP values). In the
following, we explain the most interesting insights extracted from this analysis.

The differences in the spatial distribution of the (aleatory) probability of PDC arrival for the three
eruption sizes studied are noteworthy. The main similarity among eruption sizes is the fact that
Mount Somma does act as a topographic barrier for PDC propagation towards the north. This effect
is recognizable for all sizes, although the extent to which the barrier is able to block the simulated
PDCs obviously varies (Fig. 4).

For small-size simulations, probabilities equal or greater than 5% are confined to the south flank
of the volcano as a result of the relatively small areas of PDC invasion associated with this size. In the
case of medium eruptions, probabilities equal or greater than 40% are still limited to medial sectors
over the west, east and south flanks of Somma-Vesuvius. Grid points with probability of PDC arrival
equal or greater than 5% draw a circle of approximately 9 km around the volcano (Fig. 4). Finally,
large-size simulations result in probabilities equal or greater than 40% over a similar 9km-radius area
surrounding the vent. Grid points with probabilities equal or greater than 5% are located as far as
about 22 km from the volcano. Notwithstanding this, the distal topographic highs, like the Sorrento
Peninsula and the Nola-Sarno Mountains, are still able to block the majority of long-runout simulated
PDCs. According to the Energy Cone simulations, nearly the whole city of Napoli is located inside the
5%-probability envelope.

The contribution of input uncertainty to changes in probability of PDC arrival over the
surroundings of Somma-Vesuvius is extremely reduced. Accordingly, Fig. 4 does not show any map
for input uncertainty since they would be very similar to the maps showing aleatory uncertainty. In
other words, ACP ~ 0 in the case of input uncertainty.

The spatial distribution of the probability of PDC arrival when we consider parametric
uncertainty, in particular the Gaussian-Linear configuration, is clearly different from the one
obtained when analyzing aleatory uncertainty only (second column, Fig. 4). The main feature
evidenced in these maps is that ACP > 0 over the whole hazard domain and for all three eruption
sizes. This may be explained in terms of the greater density of probability across moderate values of
Ho in the Linear-Decay PDF with respect to the Truncated Exponential PDF (Fig. 2; note that the
maximum limits are equal for the two types of PDF, Table I). On the whole, the positive differences in
probability of PDC arrival are greater in the proximal sectors of the volcano and decrease with
distance from the vent. In the case of large-size simulations, the positive differences are greater in
the proximal NE sector (reaching around ACP = 0.1) than over the proximal SW sector (Fig. 4). This
means that the probability of PDC arrival, when using the Gaussian-Linear configuration, is more
homogeneous around the whole volcanic edifice and that the efficiency of Mount Somma in
preventing PDC propagation towards the north is rather low in this case.
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Regarding the frequency maps, theoretical uncertainty is again the source of epistemic
uncertainty that shows the most evident impact on the Energy Cone simulations. Both the direct
(higher Hq implies more maobile PDCs) and inverse (higher Hy implies less mobile PDCs) patterns are
presented in Fig. 4 (third and fourth columns). The direct-pattern difference maps are characterized
by having: (a) positive differences over proximal sectors; (b) a ring of negative differences over
medial sectors; and (c) again positive differences, albeit small, over the distal sectors of the volcano.

This holds for all three eruption sizes although the extent of each area defined in (a)-(c) varies
according to size. Hence, the ring with ACP < 0 values described in (b) occurs at around 4 and 7 km
from the vent for medium and large eruptions, respectively. It is worth noting that the differences in
probability of PDC arrival beyond Mount Somma are slightly positive (large size), zero (small size) or
even negative (medium size). Therefore, in direct-pattern simulations, Mount Somma seems to be
more effective in hindering PDC northwards propagation. Concerning the inverse-pattern
simulations, the maps are simpler. Firstly, positive differences are common over the proximal-medial
sectors of the volcano. Again, the extent of this area with positive differences in probability of PDC
arrival is size-dependent, and larger for higher eruption sizes (Fig. 4). Beyond this area, all the ACP
values are negative and can be as low as ACP < - 0.15, that is, the probabilities of PDC arrival
decrease more than 15% in absolute value. These negative differences get smaller with distance
from the vent. All these data point to one fact: no inverse-pattern simulation reaches medial and
distal areas.

In this study, structural uncertainty is not mapped into probabilities of PDC arrival. The goal we
pursue is to obtain a characterization of the misfit between the ‘best’ set of Energy Cone simulations
and past PDC deposits preserved at Somma-Vesuvius (Tierz et al., 2016a; see previous section
Epistemic uncertainty description) and use distributions of misfit to modify the output ECDFs and,
hence, preliminarily quantify structural uncertainty. Mapping the impact of this source of epistemic
uncertainty into probabilities of PDC arrival would be a successive step which could be attained, for
instance, by using an asymmetric buffer (e.g. Widiwijayanti et al., 2009) coupled to each simulation
of the Energy Cone. Plausible values for the buffer might be obtained by applying the data collected
from our structural uncertainty quantification.

18. 3.3 - Energy Cone performance

As introduced before, the performance of the Energy Cone model is checked through three
strands of evidence: (i) validation metrics focused on the areal similarity between the simulations
and the PDC deposits; (ii) likelihood indices (p-values) which assess how likely is to simulate an area
of PDC invasion or a maximum runout equal or greater than the observed one, given the use of
Energy Cone and our defined PDFs; and (iii) qualitative comparison of the probability of PDC arrival
at each grid point of the hazard domain when using the simulations and the PDC deposits.

In our study, the most informative indicator of the resemblance between the Energy Cone
simulations and the PDC deposits at Somma-Vesuvius is the Areal Fit (AF) metric. Besides, the same
type of metric has been used for other volcanic mass flow physical models (e.g. Procter et al., 2010;
Tarquini and Favalli, 2011) which will aid us in comparing our findings with other cases (see
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Discussion). Fig. 5 displays the areal fit values computed for all the six eruptions analyzed in our
study: 1944 AD (small size), Pollena and 1631 AD (medium size), and Mercato, Pompeii and Avellino
(large size). Across the parameter space (Ho, ¢), different values of areal fit are observed. For all the
cases, one region of moderate to quite high areal fits is surrounded by low to very low values of areal
fit. The former is an elongated area with positive slope, Ho/¢, that probably reflects the linear nature
of the Energy Cone, that is, similar areas of PDC invasion result from whether energy cones with low
values of both Hy and ¢ or energy cones with high values of both Hy and ¢. Nevertheless, different
ranges of ¢ can be individuated in the high-AF sectors belonging to different eruption sizes: the
larger the size, the smaller the ¢ values (i.e. the more mobile the PDCs) linked to high areal fits (Fig.
5). Moreover, if we look at the minimum values of areal misfit (AM, white stars in Fig. 5), they tend
to be related to higher values of Hy in larger eruption sizes. The 1631 AD and Mercato eruptions are
exceptions in this tendency. The former shows Hy ~ 0.4 km for the simulation with the minimum
areal misfit. The 1631 AD eruption was characterized by extensive propagation of PDCs over the
southern flank of the volcano (Rosi et al., 1993) but hardly any trace of PDC deposit beyond Mount
Somma (Gurioli et al., 2010). This makes the minimum areal misfit to be associated with a Hy that
precludes the overcoming of Mount Somma. In the case of the Mercato eruption, the minimum areal
misfit is found for Hy ~ 1.3 km, which is lower than for the Pollena eruption (medium size, Hy ~ 1.6
km) and the Pompeii and Avellino eruptions (both large size, Ho ~ 1.5 km and 2 km, respectively).
However, even though the Mercato eruption is classified as large-size eruption according to its total
volume (Cioni et al., 2008), the peak in Mass Eruption Rate (Cioni et al., 2008), PDC volume, area of
PDC invasion and maximum runout (Gurioli et al., 2010) are closer to those reported for medium-size
eruptions than for large-size eruptions.

Eruption size Small Medium Large
Location d [km] min AU max min AU max min AU max
Sove 5.8 0.000 0.000 0.000 1.35 12.8 15.5 50.9 51.3 60.4
TdG 4.8 0.000 0.110 0.251 12.0 24.8 30.6 66.1 66.5 77.3
Scf 12 0.000 0.000 0.000 0.000 1.22 2.77 2.94 20.5 24.7
MdSH 5.2 0.000 0.020 0.046 4.07 18.8 23.1 60.4 60.8 69.6
NCA 14 0.000 0.000 0.000 0.000 0.300 0.691 0.022 124 155

Table I1l. Conditional probabilities of PDC arrival (in percentage) at five selected locations on the surroundings of Somma-
Vesuvius (Italy) computed from Energy Cone simulations and taking into account aleatory and epistemic uncertainties and
three different eruption sizes (small, medium and large). d: distance from the vent; AU: aleatory uncertainty; SoVe: Somma
Vesuviana; TdG: Torre del Greco; Scf: Scafati; MdSH: Massa di Somma Hospital; NCA: Napoli-Capodichino Airport.
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Figure 4. Con nal-probability (CP) maps of PDC arrival (given the occurrence of an eruption of a specific size) computed by the Energy Cone model at Somma-

Vesuvius (Italy) for three different eruption sizes: small (green text), medium (blue text) and large (red text). Leftmost columns are actual CP (between 0 and 1) while
the other three columns show the differences in conditional-probability (ACP), at each grid point, between alternate configurations (Gaussian-Linear, 40 m DEM,
independent pattern -2nd column-; Gaussian-Exponential, 40 m, direct pattern -3rd column-; and Gaussian-Exponential, 40 m, inverse pattern -4th column-) and the
aleatory-uncertainty configuration (see text for more details). Colored zones in aleatory-uncertainty maps indicate conditional-probabilities greater than 0.05 and the
solid red line displays the limit of CP > 0 (notice there is no red line in the large-size aleatory-uncertainty map). The white star indicates the location of the city of
Napoli. 1: Somma Vesuviana; 2: Torre del Greco; 3: Scafati; 4: hospital in Massa di Somma; 5: Napoli-Capodichino airport. Modified after Tierz et al., (2016a).
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Figure 5. Areal Fit (AF) values calculated by comparing the areas of PDCs simulated via EC to the actual areas of PDC deposits
preserved at Somma-Vesuvius (SV). Black dashed lines indicate sectors where AO = 0. White stars locate the minimum values
of areal misfit.

In terms of Areal Overestimation (AO), we check for the location, within the parameter space, of
the simulations for which AO = 0, i.e. Aover = Aunp (Fig. 5, black dashed line). The AO = 0 line
separates the parameter space into two regions: to the left and up from the line, the simulations
overestimate the deposit (Aover > Aunp) due to higher Hy and smaller ¢ values; to the right and down
from the line, the simulations underestimate the deposit (Agver < Aunp) due to smaller Hq and bigger
o values. In a relatively unbiased PDC model, AO = 0 would coincide with high values of areal fit. In
systematically-biased PDC models, we could find that high areal fits always occur in the
underestimation (or overestimation) region or, even, there is no AO = 0 line along the parameter
space (i.e. all the simulations do either underestimate or overestimate). In our set of Energy Cone
simulations, we notice that the AO = 0 lines are always inside the high-AF region of the parameter
space. In most of the cases, the minimum areal misfit is coincident with both AO = 0 and the highest
areal fits. For the Pompeii and Avellino eruptions, however, the minimum areal misfit is located in
the underestimation region (Fig. 5). These two cases are also the ones with the lowest best-AF
among the six eruptions studied. All this is due to the strong asymmetry of their PDC deposits (Tierz
etal., 2016Db).

The use of p-values in this work is not to be related to statistical-hypothesis testing (e.g. Fisher,
1925) but to a Bayesian use of the p-values as a proxy for the likelihood function (e.g. Gelman, 1995):
p(y | 8), where y is a set of observations and ¢ are parameters of a model, a set of assumptions, etc.

In our particular case, y is represented by the values of area of PDC invasion and maximum
runout measured on the PDC deposits from six eruptions at Somma-Vesuvius, and & denotes the use
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of Energy Cone as the PDC model and our selected PDFs as the description of aleatory uncertainty.
The quantity that we actually calculate is: p(Y >y | 8) =1 - F(Y), where Y is the random variable area
of PDC invasion (or maximum runout), y is Aogs (0r MRogs), that is, the observed area of PDC invasion
or maximum runout on the deposit, and F(Y) is the ECDF for the area of PDC invasion (or maximum
runout) based on the Energy Cone simulated values (Agm or MRgy). In this way, the smaller our
calculated p-value, the more unlikely it is to simulate a value of area of PDC invasion or maximum
runout which is greater than the observed/measured one. In other words, if the p-value is (very)
small: (a) our physical model and/or aleatory uncertainty description are not reliable; or (b) the
considered eruption is actually quite an extreme event within the eruptive phenomenology expected
for that particular size (that is, its probability of occurrence is low to very low).
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Figure 6. Summary of the Energy Cone performance in modeling PDC deposits at Somma-Vesuvius, Italy. A: histogram of best
areal fits computed from the six eruptions analyzed; B: p-values associated with Aggs and MRogs for the same six eruptions
(1944 AD, small size -green-; 1631 AD and Pollena, medium size -blue-; Mercato, Pompeii and Avellino, large size -red-); C:
probability map showing the frequency of PDC arrival to each point of the hazard grid according to the Energy Cone
simulations. D: probability map built from the PDC deposits preserved from the aforementioned eruptions.

Fig. 6b displays the p-values for all six eruptions analyzed and both area of PDC invasion and
maximum runout variables. Regarding the first variable, the p-values are always greater than 0.13
which indicates that it is not unlikely to simulate the observed values of area of PDC invasion. In
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contrast, some p-values for maximum runout are smaller than 0.05, in particular: both medium-sized
eruptions (Pollena and 1631 AD; p-values equal to 0.03 and 0.05, respectively), and the large-size
Avellino eruption (p-value = 0.03). This may be partially due to some general underestimation in the
maximum runout by the Energy Cone but there might be other causes as we will discuss in the
following section.

Finally, we assess the similitude between Energy Cone simulations and PDC deposits at Somma-
Vesuvius by mapping the probability of PDC arrival (using formula (3)) over the hazard domain (Fig.
6¢, d). It is clear from the maps that the simulations give rise to a more homogeneous spatial
distribution of these probabilities (Fig. 6¢) in comparison to the map computed from the PDC
deposits (Fig. 6d). The main similarities between the two maps are the following: (1) high-probability
zones cover fairly equivalent areas, mainly proximal-medial sectors in a 7-8 km radius; (2) zones with
low probability of PDC arrival (about 2-5%, gray coronae, Fig. 6¢) in the simulations map also coincide
quite well with the limit of the PDC deposits (colored area, Fig. 6d). In both cases, the main regional
topographic highs (e.g. the Sorrento Peninsula to the south or the Nola-Sarno Mountains to the
northeast) act as distal barriers for PDC propagation. Finally, the probability values obtained for grid
points on the sea are not to be considered, since Energy Cone is too simple to capture PDC
propagation over the sea surface (Cérdoba, 2007). We do not close the simulated polygons (areas of
PDC invasion) along the coastline (something that we do for the PDC deposits) to avoid that the areal
fits artificially increase as a result (Tierz et al., 2016b).

18. 4 — Discussion

18. 4.1 - Uncertainty ranking and topographic effects

One relevant implication of our results is the possibility of ranking the different sources of
epistemic uncertainty, both among each other and with respect to the aleatory uncertainty. To
attain this, we calculate the relative maximum expected deviation as:

8ij = Ajj IXsoi (4)

where, for a given eruption size i and a given source of epistemic uncertainty j, 4; is the maximum
horizontal distance between the aleatory-uncertainty output ECDF and the output ECDFs for the
specific source, and xsq is a reference value, in this case the median of the aleatory-uncertainty
output ECDF. By definition, if 6; > 1, then the maximum expected deviation is greater than this
median, i.e. epistemic uncertainty is larger than a central measure of aleatory uncertainty.
Moreover, all the sources of epistemic uncertainty are able to significantly modify the output ECDFs
obtained from the Energy Cone simulations (Tierz et al., 2016a).

Values of 6; for area of PDC invasion range from 10" to 10° considering all sources of epistemic
uncertainty (Fig. 7), with the largest deviations occurring for parametric and theoretical
uncertainties, and small and medium eruption sizes (Tierz et al., 2016a). Concerning maximum
runout, the calculated &; values are more clustered around 10" to 10%, considering all sources of
epistemic uncertainty. Theoretical uncertainty clearly is the source with the largest contribution to
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total epistemic uncertainty. Structural and input uncertainties are linked to relatively minor
deviations even though the latter can be relevant in the small eruption size, where the interaction
between PDCs and the proximal topography (e.g. the crater and Mt Somma caldera rim) is expected
to be stronger. Indeed, some interesting features arise when topographic altitude is plotted against
the probability of PDC arrival, for different eruption sizes and taking into account both aleatory and
epistemic uncertainties (Fig. 10 in Tierz et al., 2016a): (a) the smaller the eruption size, the greater
the influence of Mt Somma; (b) all probability profiles greatly change from the south to the north
flank (Mt Somma) of the volcano; and (c) the larger the eruption size, the more homogeneous the
probability profile, which implies that large PDCs are less influenced by topography (e.g. Druitt,
1998).

On the other hand, the very small contribution of input uncertainty to the Energy Cone outputs
may be related to two main aspects. Firstly, in the case of Somma-Vesuvius, a stratocone surrounded
by a more or less extensive plain, input uncertainty may be less relevant than in other cases, such as
Campi Flegrei (Italy), where caldera- and edifice-collapse structures are spatially combined with
preserved eruptive cones (e.g. Di Vito et al., 1999; Orsi et al., 2004). Secondly, it should be
emphasized that the topographic control on PDC propagation that can be modeled with Energy Cone
is restricted, hence some physical processes are not captured, for instance: PDC channelization
(Esposti Ongaro et al., 2008) or dense-dilute PDC decoupling (Fisher, 1995). Nonetheless, these
processes can be vital for PVHA. Regarding surge-decoupling PDC processes (like one might expect to
happen when PDCs hit Mt Somma), it is possible that structured stochastic analyses, as the one
presented here, can somehow assess this hazard, since the many thousands of simulations run,
which cover coherent ranges of Hy and ¢, serve to obtain probabilities of PDC arrival before and
beyond Mt Somma (Fig. 4; Table Ill). As for PDC channelization (like one might expect to develop
towards the western end of Mt Somma), it cannot be simulated with the Energy Cone and more
complete simulators are necessary (e.g. Esposti Ongaro et al., 2008).
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Figure 7. Color bars for the maximum deviations between the output Empirical Cumulative Distribution Functions (ECDFs)
coming from alternative configurations (epistemic uncertainty quantification) and the aleatory-uncertainty configuration,
divided by the median of the latter (see text for more details) for different eruption sizes and output variables. IU: input
uncertainty; PU: parametric uncertainty; TU: theoretical uncertainty; SU: structural uncertainty.
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Finally, we report the values of (conditional) probability of PDC arrival, accounting for aleatory
and epistemic uncertainty and according to three different eruption sizes, over some locations of
interest around Somma-Vesuvius (Table I1): (1) beyond Mt Somma (e.g. Somma Vesuviana); (2) at
Torre del Greco (Napoli-Reggio Calabria highway and train station); (3) at Scafati (E-SE from Mt
Vesuvius); (4) at the hospital in Massa di Somma; and (5) at the Napoli-Capodichino airport. The
values tend to be small to moderate apart from the case of a large-size eruption.

18. 4.2 - Applicability of Energy Cone to PVHA

Even though the Energy Cone model is simplified in terms of physical processes, our results at
Somma-Vesuvius (Italy) indicate that it can be applied to quantify the possible extent of PDCs at a
given volcanic system. Indeed, the use of Energy Cone coupled with Monte Carlo sampling permits
exploration of both aleatory and epistemic uncertainties in a structured, but still computationally
tractable, manner (Tierz et al., 2016a). Within the six eruptions analyzed in this paper, the best areal
fit values are found between 0.47 and 0.83, with 5 out of 6 having AF > 0.5 (Fig. 6a). If we compare
these values with areal fits calculated for other volcanic mass flow models (e.g. AF = 0.35-0.69 for
lava flows at Mt. Etna, Italy: Tarquini and Favalli, 2011; or maximum areal fit around 0.6 for BAFs
simulated via Titan2D at Mt. Taranaki, New Zealand: Procter et al., 2010), the performance of the
Energy Cone seems reasonably good. Additionally, our set of simulations is not constructed with the
goal of fitting the past events but it tries to describe the natural variability in PDC phenomenology
that might unfold during an eruption of a specific size (Tierz et al., 2016b). Therefore, apart from
simulations with high areal fits, there are simulations with lower areal fits, which intuitively denote
areas of PDC invasion smaller or larger than the ones preserved from the past PDC deposits. This
represents a crucial aspect of exploring aleatory uncertainty of geophysical processes with
probabilistic hazard assessment purposes (Marzocchi et al., 2010; Selva et al., 2010; Sandri et al.,
2016).

Looking at the link between areal overestimation and areal fit, we see that the best areal fit
values tend to coincide with simulations for which AO = 0 (Fig. 5). It suggests that the Energy Cone is
not particularly biased through a proclivity to overestimate (in such case, we would observe AO >0
for high areal fits) or underestimate (conversely, we would observe AO < 0 for high areal fit values)
the area of PDC invasion. Likewise, areal misfits are usually minimum when the areal fit is maximum,
although some minimum areal misfits can be related to lower areal fits and AO < 0. These situations
are highly dependent on the ratio of the maximum to the minimum runout (MR:mR ratio) of the
specific PDC deposit and seem independent of the eruption size considered (Tierz et al., 2016b).
Hence, the more asymmetric the PDC deposit with respect to the (inferred) vent location, the
smaller the best areal fit. All this is in part associated with the symmetric nature of the Energy Cone
which cannot reproduce PDC deposits that show a preferable direction of spreading, except if there
is (or there was at the time of the eruption) a clear topographic control on the spatial distribution of
the PDC deposit. For instance, the inferred vent for the Avellino eruption is located west from the
Somma-Vesuvius edifice and caldera (Sulpizio et al., 2010a) which may have reduced Mt Somma's
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capability to efficiently block PDC propagation towards the northwest. In fact, the maximum runout
of the PDC deposit was measured in this very direction (Gurioli et al., 2010).

In terms of maximum runout, the Energy Cone looks able to replicate the observed value for
every individual eruption. However, it is not obvious whether the whole set of simulations is
consistent with the observed values. The cases in which p-value is relatively small may be clarified in
terms of one (or a combination) of the following explanations: (1) the model fails in reproducing the
observed values on past PDC deposits; (2) the model parameter space (joint distribution of Hy, ¢) is
not well-constrained to capture the PDC phenomenology for a given eruption size; and (3) the
studied event is actually quite extreme (i.e. its theoretical probability is relatively small) considering
the typical PDCs generated during an eruption of this eruption size. We argue that the first
explanation is not the general case, considering all the presented results. However, the Energy Cone
may struggle to produce accurate sets of outputs if the MR:mR ratio is high (see above). The second
and third explanations can be plausible for most of the cases with small p-values. Hence, for
medium-size eruptions, a lack of completeness in the dataset utilized to set up the PDF for ¢ (only 4
data are available to parameterize this PDF) can give rise to some irregularities in the consequent
output ECDF. The minimum value of the PDF is ¢ = 7.5° while the mean is placed at ¢ = 17° (Table I).
Given the PDC phenomenology reported for the 1631 AD (Rosi et al., 1993) and Pollena eruptions
(Sulpizio et al., 2005) and their medium-long preserved maximum runouts (these being equal or
greater than the one recorded during the large-size Mercato eruption, Gurioli et al., 2010), the cited
¢ values may be too big to capture the moderate to high-mobility PDCs generated during those
medium-size eruptions. Finally, in the case of Avellino eruption, the observed maximum runout of
about 25 km could represent a 'right-tail’ event (i.e. low theoretical probability of occurrence) within
the PDC phenomenology to unfold during large-size eruptions at Somma-Vesuvius.

18. 5 - Conclusions

The present study demonstrates that epistemic uncertainty, which represents an essential part of
uncertainty assessment procedures (e.g. Rougier and Beven, 2013) can be quantified, at a
reasonable computational cost, by coupling the Energy Cone model with Monte Carlo sampling. Our
approach is ready to be applied to other volcanic systems of interest without needing to have: (a) a
large dataset of past PDC deposits; or (b) a comprehensive pool of experts to elicit the epistemic
uncertainty quantification from (e.g. Neri et al., 2015). On the other hand, our validation procedure
indicates that a statistical sample of Energy Cone simulations seems able to capture the values and
variability of hazard-related variables (area of invasion and maximum runout) measured from actual
PDC deposits at Somma-Vesuvius (and also at Campi Flegrei, Italy: Tierz et al., 2016b).

This is a crucial finding for it may open the door to compute PVHA for dilute and dense PDCs
using the Energy Cone. This type of hazard assessment has rarely been produced (e.g. Dalbey, 2009;
Neri et al., 2015) owing to the dichotomy between the physical reliability of the PDC numerical
model and the computational cost of quantifying aleatory and epistemic uncertainties (Neri et al.,
2015; Tierz et al., 2016a). To date, a general solution for implementing PVHA of PDCs has not been
reached.
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Despite the strong physical limitations of Energy Cone as a PDC model, it still seems a possible
answer to construct preliminary PVHA for PDCs, given the results detailed in this paper and the
current lack of computationally-cheap but physically-robust simulators for dilute PDCs. Moreover,
the use of Monte Carlo sampling as the Uncertainty Quantification Technique (UQT) frees the choice
of the PDFs for the model parameters to even empirically-built distributions. This choice is much
more limited when using other UQTs such as Polynomial Chaos Quadrature (e.g. Dalbey et al., 2008)
because the efficiency of the method relies upon the use of specific types of PDFs and/or
independence assumptions about the model parameters. Given the existence of established
statistical models for PVHA (e.g. BET_VH/PyBetVH; Marzocchi et al., 2010, Tonini et al., 2015:
vhub.org/resources/betvh; Bayesian Belief Networks, e.g. Aspinall et al., 2003), the application of the
Energy Cone to compute comprehensive probabilistic hazard assessments (including the associated
uncertainties) of PDCs at a specific volcanic system becomes a reachable target.
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