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Abstract

Phreatic eruptions are possibly the most drastic surface expressions of
hydrothermal activity within active epithermal systems (geothermal fields), and they
are still poorly understood. Various phenomena, such as fumaroles, hot springs,
mud pools, and soil encrustations represent further obvious features of the
interaction between outgassing hydrothermal fluids and the host rocks.
Investigation of rocks outcropping in the proximity of such phenomena aimed to
provide insights concerning the effects of hydrothermal alteration on phreatic
eruption dynamics within volcanic systems.

This dissertation presents the results of three individual case studies focusing
on the influence of surficial hydrothermal alteration on petrophysical properties and
in turn on phreatic eruption processes. Key question is, whether alteration increases
the potential for such eruptions or not. Based on the findings of this study
hydrothermal alteration changes the rock physical and mechanical properties and
can have major effects on the permeability of surficial lithologies. The observed
degradation processes were successfully related to the degree of alteration, which is
represented by chemical weathering indices. The precipitation of secondary
minerals and the formation of clay minerals can lead to the development of a
mineralogical seal and a low permeable cap rock, respectively. Both processes might
hinder the outgassing and favor the pressurization within the subsurface. Depending
on the composition and temperature of fluids as well as on host rock composition
and permeability, alteration can also be dominated by mineral dissolution resulting
in an increased outgassing. The observed variability in alteration processes within
very similar geological and hydrothermal settings highlights the complexity involved
in the dynamics of hydrothermal systems. Furthermore the results showed that
secondary mineralization induced by hydrothermal alteration might have a
significant effect on the dynamics of phreatic eruptions and on the nature of
phreatic ejecta. Surge deposits intensely affected by solfataric alteration generate
abundant fine particles during fragmentation. Very fine ash, which possesses a
silica- and alumina-rich composition due to alteration, may be a causative agent of
respiratory diseases, and its dispersion could represent a serious health hazard on a
local scale.

In addition to the effects of hydrothermal alteration this study furthermore
highlighted the influence of fluid type (liquid vs. gaseous) within the pore space on
the phreatic eruption dynamics. Under identical pressure and temperature
conditions, eruptions accompanied by the process of liquid water flashing to steam
are significantly more violent than those driven simply by gas or steam expansion.
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Phase changes during decompression together with the type and degree of
alteration are important fragmentation variables. Therefore they should be
considered for hazard assessment and modeling of phreatic eruptions in
hydrothermally active environments.
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Kurzfassung

Phreatische Ausbriiche zdhlen zu den drastischsten Auswirkungen von
hydrothermaler Tatigkeit in aktiven, epithermalen Regionen (Geothermalfelder).
Weitere offensichtliche Merkmale der Wechselwirkungen zwischen austretenden
hydrothermalen Fluiden und dem Nebengestein sind Fumarolen, heifle Quellen,
Schlammlécher und Bodeninkrustationen. Um Einblicke in den Vulkanismus, vor
allem in die wenig erforschten Prozesse der phreatischen Ausbriiche zu bekommen,
wurden die Gesteine in der nahen Umgebung solcher Erscheinungsbilder
untersucht.

Im Rahmen dieser Dissertation werden die Ergebnisse aus drei
eigenstandigen Fallstudien vorgestellt. Untersucht wurden die Auswirkungen
oberflachlicher, hydrothermaler Alteration auf gesteinsphysikalische Eigenschaften
und folglich auf die Prozesse phreatischer Ausbriiche. Dabei stellt sich die Kernfrage,
ob Alteration die Wahrscheinlichkeit derartiger Ausbriiche erhdht, oder nicht. Als
Ergebnis dieser Studie kann festgehalten werden, dass hydrothermale Alteration die
gesteinsphysikalischen und mechanischen Eigenschaften verdndert sowie eine
bedeutende Auswirkung auf die Permeabilitdt oberflaichennaher Gesteine haben
kann. Zusatzlich ist es gelungen, die Verschlechterung der Gesteinseigenschaften mit
dem Grad der Alteration in Zusammenhang zu bringen, welcher von chemischen
Verwitterungsindizes  abgeleitet werden  konnte. Die Ausfdllung von
Sekundarmineralen sowie die Bildung von Tonmineralen kann zur Ausbildung eines
dichten Gesteinsverbandes bzw. einer geringdurchldssigen Deckschicht fiihren.
Diese beiden Prozesse konnen die Entgasung behindern und damit zu einer
Druckerhéhung im Untergrund fiihren. Alteration kann hingegen, abhangig von der
Zusammensetzung und der Temperatur der Fluide, sowie des Mineralbestands und
der Permeabilitdt des Nebengesteins, auch eine maRgebliche Lésung von Mineralen
bewirken, was wiederum zu einer Erhéhung der Durchldssigkeit fihren kann. Die
Variabilitdt der Alterationsprozesse innerhalb sehr ahnlicher geologischer und
hydrothermaler Umgebungen zeigt die Komplexitat hydrothermaler Systeme und
deren Abldufe auf. Des Weiteren verdeutlichen die Resultate, dass die
Sekundarmineralisation signifikante Auswirkungen auf die Ausbruchsdynamik und
die Eigenschaften phreatischer ~ Auswurfmassen hat. Pyroklastische
Dichtestromablagerungen, die intensiv von solfatarischer Alteration betroffen sind
und fragmentiert werden, erzeugen eine immense Menge an Feinpartikeln. Sehr
feine Aschepartikel, welche aufgrund der Alteration reich an Siliziumdioxid und/oder
Aluminium sind, kénnen Erkrankungen der Atemwege hervorrufen. Daher kann
deren Freisetzung eine ernsthafte gesundheitliche Gefdahrdung im der Umgebung
des Ausbruchs darstellen.




Zusatzlich zu den Auswirkungen hydrothermaler Alteration wurden die
Einfliisse des Fluidtyps (fllissig bzw. gasformig) im Porenraum, auf die Dynamik
phreatischer Ausbriiche untersucht. Ausbriiche bei denen es zu explosionsartigem
Verdampfen von Uberhitztem Wasser kommt, sind bedeutend energetischer als
jene, die lediglich von Gas- oder Dampfausdehnung getrieben werden -
Voraussetzung ist die Annahme identischer Druck- und Temperaturbedingungen.

Sowohl der Phaseniibergang von Fluiden bei der Dekompression, als auch
der Typ und Grad der Alteration, sind wichtige Parameter der Fragmentation. Daher
sollten sie bei der Gefahrdungsbeurteilung sowie der Modellierung von
phreatischen Ausbriichen in hydrothermalen Gebieten, bericksichtigt werden.
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1 Introduction

Figure 1.1: Surface expressions of hydrothermal activity in different environments.
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1.1 Phreatic eruptions

Phreatic eruptions are one of the most common but also the least predictable type of
eruptive volcanism (Barberi et al., 1992; Smith and McKibbin, 2000; Mastin, 1995). These
eruptions are instigated by the direct input of mass and heat of magmatic origin, even
though magma itself is not involved, and by definition only non-juvenile rock is ejected
(Browne and Lawless, 2001). Several other terms have also been introduced to describe this
type of eruption based on particular eruption and trigger mechanisms (Barberi et al., 1992;
Browne and Lawless, 2001; Mastin, 1995). The most common nomenclature includes
hydrothermal, steam-blast, boiling-point, and hydro-explosions (Barberi et al., 1992; Smith,
2000), but the meanings of the individual terms vary within the literature (Browne and
Lawless, 2001; Fullard, 2011; Hardy, 2005). Therefore, a clear definition seems to be
necessary to avoid further confusion.

Within this study, the term 'phreatic eruption' is used for any eruptive event caused
by the rapid expansion of mainly water in liquid or gas phase at shallow depth (Figure 1.2).

1) Eruption triggering 2) Eruption process 3) Crater formation Dfep_ositl'on
0 EJECEEI

Atmospheric pressure 4

0.1 MPa Ground surface /

Initiation of
fluid expansion

A j
/
S (
Subsurface fracturing \\ f‘ .
causing decompression ,/

o . ’
thydmthermal Fragmentation, \ Eruption

system lifting and ejectio :
“a and propagatio
o ::fc;:r?:i?nr:k due t_“ o4 until depletio
. of system
. Dfoc‘ of fluids Flashing front .
Over pressurizec q propagating downward
hydrothermal syste 4 to hydrothermal systen

Figure 1.2: Simplified model for a phreatic eruption. 1) Initiation of fluid expansion and decompression
triggered by subsurface pressure release. 2) Fragmentation and ejection during downward propagation of
flashing front. 3) Crater formation and deposition of ejecta until depletion of the system (modified after Foote,
2011).

Phreatic eruptions often associated with confined hydrothermal systems (geothermal
fields) occur due to the accumulation of fluids below a low-permeability cap rock (Barberi et
al., 1992). The resulting pressure build-up can be caused by progressive self-sealing of the
covering rock or by an increased fluid supply, which eventually exceeds the dissipation by
permeable outgassing (Barberi et al., 1992; Wohletz and Heiken, 1992; Mastin, 1995; Brown
and Lawless, 2001; Nairn et al., 2004). If an effective outgassing of the hydrothermal system
is hindered, the resulting pressurization increases until the pressure in the system exceeds
the sum of lithostatic and atmospheric pressure, and the tensile strength of the overlying
rocks (Browne and Lawless, 2001; Seki et al., 2015; Montanaro et al., 2016). The rupture of
the capping layer, and consequently a rapid decompression causing an eruption is inevitable.




Thus, brecciating and ejection of the overburden material will occur (Nelson and Giles, 1985;
Browne and Lawless, 2001).

Several mechanisms have been suggested to trigger systems primed for phreatic
eruptions. Earthquakes and minor seismic activity may produce pathways for upward
migration of fluids, which in turn increases the pressure within the system (Barberi et al.,
1992; Bixley and Browne, 1988; Smith, 2000; Browne and Lawless, 2001). Moreover, rapid
decompression can be triggered by various processes reducing the pressure counteracting
that within the system, such as a sudden drop in atmospheric pressure, landslides, or lake
drainages (Barberi et al., 1992; Browne and Lawless, 2001; Montanaro et al., 2016).
Decompression caused by drilling conducted within geothermal fields, may also lead to
eruptions (Bixley and Browne, 1988; Hedenquist and Henley, 1985).

Even though, phreatic eruptions do not eject a large volume of tephra (<10° m?3,
Browne and Lawless, 2001), they are frequently more violent than magmatic or
phreatomagmatic eruptions (ejection velocity >130 m/s, Mastin, 1995; Kilgour et al., 2010;
Rouwet and Morrissey, 2015). The duration and crater dimensions may vary depending on
the amount of fluid and on the properties of the host rocks involved (Handal and Barrios,
2004). Phreatic tephra is composed of host-rock fragments, often characterized by signs of
alteration and ranging in size from fine ash up to large blocks (Barberi et al., 1992). As this
type of eruption is usually attributed by an absence of precursory signals, phreatic eruptions
are almost unpredictable with respect to both time and magnitude (Barberi et al., 1992;
Bromley and Mongillo, 1994; Hurst et al., 2014). Phreatic eruptions therefore can represent
major hazards (Morgan et al., 2009; Foote et al., 2012).

Several studies have been conducted, which focused on I) physical characteristics of
eruption deposits (Hedenquist and Henley, 1985; Collar and Browne, 1985; Morgan et al.,
2009), I1) analytical modelling of the eruption processes (Smith and McKibbin, 2000; Mastin,
2001; Thiéry and Mercury, 2009; Fullard, 2011; Fullard and Lynch, 2012), and Ill)
experimental modelling of the physics driving phreatic eruptions (Rager et al., 2014; Mayer
et al.,, 2015; Montanaro et al.,, 2016). Even though, these studies provide valuable
information, further research is necessary to deepen the understanding in the dynamics of
these violent and hazardous eruptions (e.g. to investigate the influence of hydrothermal
alteration on phreatic eruptions).

1.2 Hydrothermal alteration

Hydrothermal alteration is a common feature observed in geothermal systems, which
are defined by the distribution of laterally and vertically circulating fluids at variably elevated
temperatures (~50 to >500 °C) in the Earth’s subsurface (Pirajno, 2009). The igneous heat
source provides energy, which causes the circulation of fluids of various origins
(magmatic/juvenile, metamorphic, meteoric, connate waters or seawater) within the host-




rock reservoir (William-Jones and Heinrich, 2005). Alteration occurs as the mineral
assemblages in the wall rocks are in physico-chemical disequilibrium with the hydrothermal
fluids. Therefore, the system tends to re-equilibrate by forming new mineral assemblages
that are stable under the new conditions (Pirajno, 2009). The changing physico-chemical
conditions of both the fluids and the wall rocks dictate, whether dissolution, transport, or
precipitation of minerals is the dominant mechanism of alteration (Fyfe, 2012). Therefore (a)
temperature, (b) pressure, (c) host-rock mineralogy, (d) permeability, (e) fluid composition,
(f) water/rock ratio, and (g) time scale of the processes are the main factors controlling
hydrothermal alteration (Browne, 1978; Robb, 2005). Alteration comprises a complex series
of processes involving chemical, mineralogical, and textural, as well as rock physical
(porosity, density, permeability, elastic wave velocity) (Pola et al., 2012) and rock mechanical
(e.g. strength) changes (Pirajno, 2009; Pola et al., 2013; Wyering et al., 2014).

Hydrothermal alteration has previously been investigated in numerous studies
relating to many research topics, such as formation of ore minerals, submarine thermal
systems, and intrusion-related or skarn hydrothermal systems (Browne, 1978; Pirajno, 2009,
and references therein). But these processes are beyond the focus of this thesis. The
influences of hydrothermal alteration investigated in this work are associated only with the
shallow zone of active epithermal systems (geothermal fields), where many phreatic events
have been documented to occur (Barberi et al., 1992). Solfataras, fumaroles and mineral
springs are some of the characteristic surface expressions of convective fluid circulation
powered by the heat of shallow intrusions in geothermal fields (Pirajno, 2009). Alteration in
these zones is mainly characterized by acid-sulfate alteration (Figure 1.3).

Meteoric Water

Precipitati -
recipitation +Bicarbonate Waters

!Sulfate-Chloride Waters  Near Neutral pH

: Chloride Hot Springs
i/ Water Tab|e7 well

== : S 0 dorI-aGG _ HiHH| ]| [HCOa780%
S 00 o5 Increasing
Two-Phase

Region

Neutral-Chloride Waters
(NaCl, KCI, CQ3, H.5,...

Meteoric

Recharge

\\ Zl Intrusive Rocks
Meteoric |:] Volcanic Rocks

Quarternary

Intrusions ﬁx I Uarge [ ] Basement Rock

Heat and Mass (HCI, C0,,50,, H,0,...)
Transfer from Magma Systems

Figure 1.3: Conceptual model of a hydrothermal system. Hydrothermal processes and conditions investigated
within this thesis are associated to the highlighted area (modified after Goff and Janik, 2000).




H,S04, the main component of the fluids driving acid-sulfate alteration, may originate from
three different processes (Rye et al., 1992): 1) Supergene acid-sulfate alteration due to
weathering of sulfide-rich deposits where sulfuric acid is generated due to the oxidation of
sulfide minerals (e.g. pyrite), 2) steam heated acid-sulfate alteration at or above the
groundwater table, due to atmospheric oxidation of H,S deriving from the hydrothermal
system, and 3) magmatic hydrothermal acid-sulfate alteration due to the formation of H,SOa4
by the disproportionation of magmatic SO; during condensation at intermediate depths.
Distinguishing these three processes is difficult, as their respective geological setting and the
alteration products formed, are similar to each other (Mutlu et al., 2005).

Alteration in active epithermal systems usually occurs at relatively low temperatures
(<300 °C) and at shallow depth (<2 km) (White and Hedenquist, 1995). The distribution of
hydrothermal minerals is mainly dictated by the variation in pH and temperature within this
environment (Figure 1.4). Vuggy silica, a porous, amorphous residue resulting from extreme
leaching and the dissolution of primary phenocrysts represents the endmember mineral
phase in these systems, which subsequently recrystallizes to quartz (Hedenquist and
Lowenstern, 1994; Stoffregen, 1987; Pirajno, 2009). The progressive neutralization of the
hydrothermal fluids by the wall rocks results in an alteration sequence from vuggy silica to
advanced argillic, to argillic, and finally to propylitic alteration (Steven and Ratté, 1960;
Stoffregen, 1987; Hedenquist and Lowenstern, 1994; White and Hedenquist, 1995).
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Solfataric alteration, also referred to alunitic alteration, is part of advanced argillic
alteration and dominated by the formation of alunite in the presence of abundant sulphate
ions and Al-rich host rocks (Bishop et al., 2007; Pirajno, 2009). Kaolinite, jarosite, pyrite, opal
and cristobalite are further low-temperature acid-stable minerals, often associated to this
type of alteration (Pirajno, 2009).

Based on the assumption that the distribution of chemical elements is controlled by
the degree of alteration, several indices have been proposed (Pola et al.,, 2012, and
references therein). Table 1.1 summarizes all indices used in this thesis, and shows that they
are based on the ratio of ‘'mobile’ to 'immobile’ elements during the alteration process (Pola,
2010). Furthermore they assume the immobility of aluminum and should therefore be
carefully applied to heterogeneous samples, especially in environments of hydrothermal
alteration (Arikan et al., 2007; Pola et al., 2012). Nevertheless these indices represent a
useful approach to estimate the degree of alteration and correlate well with the
petrophysical properties observed for different investigated rocks (Duzgoren-Aydin et al.,
2002; Arikan et al., 2007; Pola et al., 2012, and references therein).

Table 1.1: Chemical alteration indices.

Index Abbreviation Formula (molecular ratio) References
- . (Al,05) x 100 )
Chemical index of alteration CIA (Al,0,+Ca0+Na,0+K;0) Nesbitt and Young (1982)
) . ) ) ) Al,03 )
Alumina to calcium—sodium oxide ratio ACN (Al,0,+Ca0+Na,0) Harnois and Moore (1988)
. ) . Si0,
Silica to alumina ratio SA Ruxton (1968)
. . ) (A|203-K20) x 100
Plagioclase index of alteration PIA (A,0,+Ca0+Na,0-K,0) Fedo et al. (1995)
— . (Al;03) x 100 .
Chemical index of weathering CIw (Al,0,+Ca0+Na,0) Harnois (1988)

The effects of hydrothermal alteration on rock physical and mechanical properties
have been investigated in several studies (Pola et al., 2012, 2013; Mormone et al., 2011;
2015; Wyering et al., 2014; Heap et al., 2014, 2015; Mayer et al., 2015; Carlino et al., in
review). In general they focused on the degradation of petrophysical properties as a result of
alteration. Concerning the influence of alteration on volcanic (magmatic or phreatic)
eruptions processes, only a minor amount of investigation have been conducted so far
(Foote et al., 2011; Mayer et al., 2015). Alteration can cause the development of a sealing
cap rock by 1) the precipitation of secondary minerals (Edmonds et al., 2003; Christenson et
al., 2007), or 2) the formation of a low permeability clay-rich lithology (Barberi et al., 1992;
Alvarado et al., 2010). Such processes may lead to hydrothermal paroxysms or even phreatic
eruptive events (Christenson et al., 2010; Vignaroli et al., 2015). By contrast, rock alteration
associated with leaching processes, the dissolution and removal of cations by acidic (pH <2)
fluids, may increase porosity and permeability (Hedenquist and Lowenstern, 1994; Ladygin
et al, 2014), eventually generating vuggy (residual) silica (Boyce et al., 2007; John et al,,




2008; Scher et al., 2013) and thereby facilitate gas escape in the shallow zone (Piochi et al.,
2015).

The investigation of easily accessible surficial rocks outcropping within a
hydrothermal system may help to unravel the processes and effects of hydrothermal
alteration. Moreover, alteration mineral assemblages provide insights into the dynamics of
volcanic system and show implications on their outgassing behavior.

1.3 Thesis objectives and structure

Phreatic eruptions generally occur in an environment affected by hydrothermal
alteration (Barberi et al., 1992). Recent eruptions at Mt. Ontake in Japan, which resulted in
the deaths of 57 climbers (Kato et al., 2015), as well as at Ruapehu and Te Maari in New
Zealand (Breard et al., 2014), have sparked new awareness of their unpredictability with
respect to time, eruption dynamics and magnitude. Frequently, alteration processes induced
by the hydrothermal system, which change the host-rocks composition and properties, may
create favorable conditions for phreatic eruptions (Christenson et al., 2007). This study
therefore explores the effects of alteration on rock properties, which in turn may control the
eruption dynamics of phreatic events. The course of this work follows a general trend in
focus from phreatic eruption dynamics to hydrothermal alteration processes and its effects
on both the trigger potential as the properties of material involved in such eruptions.

The investigated sites include 1) Whakaari (White Island volcano) in New Zealand, 2)
Campi Flegrei in Italy, and 3) Valley of Desolation (Dominica) in the Lesser Antilles. All three
locations are characterized by vigorous hydrothermal activity associated with intense rock
alteration and exhibited several phreatic eruptions in the past. Such events are furthermore
the most likely scenario for future volcanic activity at these locations. Therefore these sites
constitute exemplary case studies.

Field campaigns have been conducted in order to investigate the main sites of
hydrothermal activity within the studied locations. Mapping, sampling, and in situ
measurements have permitted the collection of valuable information in the field (e.g.
alteration conditions) and subsequent characterization of collected material was performed
in the lab. Finally, rapid decompression experiments allowed to determine the
fragmentation and ejection behavior of collected samples under various conditions. For the
first time natural samples could be pressurized, fragmented, and ejected by pure steam
expansion. The results based on this advanced technique together with experiments in the
presence of steam flashing and argon gas expansion (at elevated pressures and
temperatures) allowed the exploration of a large range of phreatic conditions.

The central purpose of this thesis was the comparison of the geochemical
composition of collected rock material in the context of possible changes of their
petrophysical properties. These properties were investigated with a focus on their behavior
during rapid decompression experiments. Hence the collected rocks comprised materials




with varying degrees of consolidation and cementation. Moreover, sampling was carefully
conducted based on observable differences in macroscopic texture, color, and particle size in
order to collect material with a wide-ranging degree of alteration.

The key aims of this study were:

» Investigation of the alteration type and its effects on the mineralogical composition of
the host rock;

» Characterization of petrophysical properties changing as function of their degree of
alteration.

» Investigation of the effects of fluid type (i.e. gas or liquid), pressure and temperature,
on phreatic eruption processes;

» Analysis of the alteration effects on the fragmented particles shape and their size
distribution.

Those aims should finally be addressed by new conceptual models, which summarize and
display the obtained results.

The five chapters of this thesis are structured around the central theme of investigating the
influence of hydrothermal alteration on phreatic processes.

Chapter 1 provides a general introduction to phreatic eruptions and hydrothermal
alteration processes, and explains the thesis objective and structure.

Chapter 2, Chapter 3 and Chapter 4 examine three individual case studies, including
discrete and specific information of the alteration processes affecting the investigated sites.
Each chapter builds progressively upon the findings of the previous chapters.

Chapter 5 presents a synthesis, which is summarizing the key findings and outlining
the general conclusions from this dissertation. Finally, ongoing work and future perspectives,
which arose during this PhD are presented.
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2 Experimental constraints on phreatic eruption processes at

Whakaari, New Zealand

Figure 2.1: Phreatic eruption on august 19" 2013 at Whakaari, New Zealand (Courtesy of GeoNet).
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2.1 Introduction

Whakaari also known as White Island volcano, is New Zealand's most active volcano
and characterized primarily by phreatic and phreatomagmatic eruptions, interspersed by
occasional Strombolian events (Cole and Nairn, 1975; Simkin and Siebert, 1994). Its phreatic
eruptions are associated with an increasing number of 1-5 Hz harmonic tremors (e.g., Nishi
et al., 1996; Sherburn et al., 1998). Recent analysis has linked these events to progressive
fracturing and fluid flow within the system (Chardot et al., 2015; Heap et al., 2015).

Phreatic events (28 phreatic eruptions since 1826) exhibited at Whakaari (Figure 2.2),
the risk associated with the high number of tourists (>13,500 annual visitors; Letham-Brake,
2013) visiting the volcano island on a daily basis, and the relatively detailed knowledge of
rock mechanics available (Moon et al., 2005; Heap et al. 2015) make Whakaari an exemplary
case study for a detailed experimental investigation of phreatic processes.

ﬂ L 25°5

- 40°S

inset area

/1914
% landslide scarp

Mavyor Island ’White n
7 ! Island
Motit:lslan'c_ll A
* Moturhora
5 N

- JTroup Head

; ~ Ring fault “The Gremlin” lava dome

Lot = o
’ Main crater rim

I Crater lake

=71 1914 landslide debris

I Fe-rich lapilli tuff
[ surficial solfatara deposits Bl reworked, altered tephra B central Cone

1 primary tephra

e . Subcrater margi agglomerate
7 TAUPO ".' Whakatane break in slope 0 250 500m
! VOLCANIC,- between main crater =

ZOI\'I'E',' "7\ Pre-1913 lake B -z dome

.| Bedded ash tuff

Mgatoro Cone lava

Figure 2.2: (A) Location map of Whakaari (White Island volcano) approximately 50 km offshore in the Bay of
Plenty within the Taupo Volcanic Zone. The inset shows a map of the North Island of New Zealand (modified
from Moon et al., 2009). (B) Geological map of Whakaari showing in detail the distribution of unconsolidated
crater fill (modified from Letham-Brake, 2013) and sampling sites for this study.

A detailed survey of the literature revealed that >30 phreatic and phreatomagmatic
eruptions (Figure 2.3) have been recorded at Whakaari since 1826 (Letham-Brake, 2013).
The recent eruptive event of 5™ August 2012, associated with phreatic eruptions, led to the
formation of a spiny lava dome in the crater (Global Volcanism Program, 2014). Past studies
at Whakaari have focused on the surveillance and the prediction of future eruptive activity
via monitoring of seismicity (Jolly et al., 2012; Nishi et al., 1996; Sherburn et al., 1998) and
ground deformation (Clark, 1982; Fournier and Chardot, 2012; Peltier et al., 2009) as well as
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the emission (Werner et al., 2008; Bloomberg et al., 2014) and characterization of gases and
fluids (Giggenbach et al., 2003). Furthermore, studies of the petrology (Graham and Cole,
1991), the origin and storage of magma (Cole et al., 2000), and the geotechnical
characterization and geomorphic development of the edifice have been conducted (Moon et
al., 2005, 2009; Heap et al., 2015).

Despite the abundance of previous phreatic eruptions at Whakaari and the
preservation of deposits (e.g., Wood et al., 1996), no adequate constraints on the explosive
parameters and mechanisms exist. Although the geological setting and hydrothermal system
are relatively well-constrained, their interplay in general as well as in view of the
mechanisms triggering phreatic eruptions, are not yet fully understood. Adding to this
complexity is the fact that the physical properties and mechanical behavior of Whakaari
rocks are highly altered due to the activity of the hydrothermal system (Pola et al., 2013;
Wyering et al., 2014; Heap et al., 2015). Changes in state of alteration during thermal
stressing, as is the case during shallow (~500 m below sea level) magma intrusion, commonly
induce mineral breakdown, which leaves a skeletal porous rock with deteriorated
mechanical strength (Peltier et al. 2009; Heap et al., 2012).

The porosity of a rock controls the amount of gas stored and therefore the energy
available for release during fragmentation for a given decompression step (Spieler et al.,
2004; Alatorre-lbargiiengoitia et al., 2010). Earlier studies have defined the fragmentation
threshold (the minimum pore pressure differential required to fully fragment the sample) as
being inversely proportional to the porosity (Spieler et al., 2004). Foote et al. (2011) and
Rager et al. (2013) have presented results of experimental phreatic fragmentation induced
by both inert gas overpressure and steam flashing in vesicular rocks, and made an initial
evaluation of the influence of pressure, sample alteration and sample saturation on these
processes. Here, the results of a systematic experimental campaign employing a shock-tube
apparatus (Aldibirov and Dingwell, 1996a) to perform decompression experiments on both
hydrothermally altered consolidated and loose deposits, inferred to reflect those deposits
existing at depth at Whakaari (Heap et al., 2015), are presented. Specifically, the influence of
sample type and fragmentation mechanism (steam flashing versus gas expansion) on grain
size and shape and on fragmentation and ejection velocities was investigated.

2.2 Geological setting

Whakaari located 50 km offshore from the North Island of New Zealand (Figure 2.2A),
is an andesitic-dacitic, stratovolcano exhibiting strong fumarolic activity and outgassing
(Bloomberg et al.,, 2014) interspersed by eruptive events. It is the northernmost active
volcano within the Taupo Volcanic Zone (TVZ), which is itself a 250-km-long belt of mainly
rhyolitic and andesitic, Quaternary to present volcanism (Black, 1970). The northeast-
southwest-trending TVZ extends 200-270 km west of the trench resulting from the
convergence of the Pacific and Australian plates (Nishi et al., 1996).
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The island occupies an area of approximately 3.3 km? with a maximum elevation of 321 m
above sea level and represents the emergent summit of the much larger White Island Massif
(Nishi et al., 1996) whose basal extent of 16 km x 18 km yields a total volume of ~78 km3
(Duncan, 1970; Cole et al., 2000). The edifice consists of two overlapping composite cones,
comprised of major lava flow units, and minor tuff and tephra units. The older Ngatoro cone
only outcrops in the west, whereas the younger and active central cone forms most of the
island (Black, 1970; Duncan, 1970; Cole et al.,, 2000; Cole and Nairn, 1975). The NW-SE
elongated main crater (1.2 km x0.4km) is a complex of three coalesced prehistoric
subcraters, infilled with unlithified deposits from historical eruptions, which have been
confined to the western subcrater and the western half of the central subcrater (Houghton
and Nairn, 1989a; 1991). Due to the occurrence of a large (210 x 10® m3) prehistoric,
eastward-trending sector collapse (Moon et al., 2009), the horseshoe-shaped, flat-floored
crater is breached to the sea in three locations in the southeast (Cole et al., 2000). The
collapse of the main crater wall in the southeast caused a debris avalanche of 2.5 x 10° m?3,
which has covered parts of the main crater floor (Ward, 1922; Bartrum, 1926 in: Hamilton
and Baumgart, 1959).

Magma has been hypothesized to exist transiently at shallow depths (<500 m) as well
as extending to deeper chambers at 1-2 km and 2-7 km (Cole et al., 2000; Houghton and
Nairn, 1989a in: Werner et al., 2008). This most shallow magma is believed to be the source
for large ground deformation and seismicity episodes and, ultimately, the large acidic,
volcano-hydrothermal system (Giggenbach, 1987).

2.2.1 Hydrothermal setting

Fumarole and spring discharge analyses have indicated that the hydrothermal system
of Whakaari has been active for more than 10.000 years (Giggenbach and Glasby, 1977;
Giggenbach et al., 2003). Hot fluids released from the magma condense in contact with
meteoric groundwater and circulate within the conduit-hosted, volcano-hydrothermal
system that has been interpreted to occur in isolated, chemically-sealed zones around the
volcano (Giggenbach, 1987). More recent isotopic studies show that, there is less seawater
component in the fumarolic output of the western and central subcraters than the eastern
subcrater (Giggenbach et al., 2003; Bloomberg et al., 2014).

The hydrothermal system finds its expression in the form of numerous fumaroles,
steaming ground areas, hot springs, and a crater lake. Fumarole temperatures vary between
100 and 800 °C in response to outgassing fluctuations of the magma, yielding cooling and
heating stages (Giggenbach et al., 2003). These fluctuations further correlate with variations
in the discharge of fluids (H20, CO,, HCl) (Pirajno, 2009). The low pH of the crater lake (1.2—
2.4) (Werner et al., 2008), the acid springs (0.7-1.4), and the pools (0.7-0.8) as well as the
strong H* activity of the hydrothermal system results from ingress of HCl and H.S, which are
the dominant acids in the fluids (Pirajno, 2009; Giggenbach et al., 2003). These acidic fluids
promote mineral dissolution and corrosion leading to substructure weakening and an
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increased susceptibility for further alteration (Houghton and Nairn, 1989a, 1991). The very
high sulfate content in the magmatic gas (75,000 ppm) favors the formation of alunite
amongst other mineral assemblages which are formed by acid alteration (Giggenbach et al.,
2003).

Geophysical evidence suggests that the hydrothermal fluid flow is focused primarily
in the thermally weakened zones, such as proximity of former and newly-formed eruption
craters as well as in the 200-650 °C fumarole fields (Clark and Otway, 1982; Christoffel,
1989; Hurst et al., 2004; Peltier et al., 2009; Fournier and Chardot, 2012). The semi-regular
cycling (2-10 years) of the hydrothermal fluid flow causes a cycling in ground inflation (< 250
mm) due to increases in pore pressure as well as to thermal expansion of the reservoir rocks
at depths of ~200-600 m, both interpreted as evidence of the presence of magma below the
central and western subcraters (Peltier et al., 2009; Fournier and Chardot, 2012).

2.2.2  Eruption history

At Whakaari, the interplay of hydrological factors and magmatic activity helps to
determine the nature of hydrothermal processes and the characteristics of associated
eruptions. (Houghton and Nairn, 1991). A prehistoric sector collapse (<3.4 ka) may have
induced a fundamental change in the hydrothermal fluid flow field by eradicating low
permeability cone lavas and thereby allowing the infiltration of meteoric water (Letham-
Brake, 2013). This may, in turn, have favored the change from at least 19 prehistoric,
magmatic lava-flow producing eruptions (Cole et al., 2000) to long periods of continuous
fumarolic and hydrothermal activity interspersed by a minimum of 2 small (VEI 1-3) phreatic
and phreatomagmatic eruptions recorded since 1826 (Figure 2.3). The main crater-forming
eruptions occurred in 1933, 1947, 1965-1966, 1968, 1971, 1976-1982 and 1986-1991. The
long, 1976-1982 period of unrest was characterized by strombolian and phreatomagmatic
eruptions (Houghton and Nairn, 1989b, 1991; Clark and Otway, 1982). All historic activity has
occurred within the western subcrater and the western part of the central subcrater
(Houghton and Nairn, 1991).
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Figure 2.3: Timeline of historic eruptions at Whakaari from 1826 to 2012. Single events as well as periods of
activity are classified based on the dominant activity reported in literature. A table (modified after Letham-
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2.3 Investigated lithologies

This study focuses on three volcaniclastic rocks from lithostratigraphic units at
Whakaari. Two consolidated ash tuff units (W21, WI22) were collected from the scree at the
foot of the eastern crater wall (Figure 2.2B), estimated to originate from approximately 70 m
beneath the current cliff top (Heap et al., 2015). One recent, unconsolidated tephra (WI127)
typical of the main crater fill deposit has been sampled at 1-m depth within the central
subcrater (Figure 2.2B). X-ray fluorescence analysis (XRF) of the bulk geochemical
composition of each sample was conducted using a Philips Analytical Magix Pro WDX-
spectrometer at the Ludwig-Maximilians-Universitdt Minchen (LMU). Results of analyses on
pressed powder tablets are presented in Table 2.1. Mineralogical analysis of the samples was
carried out using X-ray powder diffraction analysis (XRD) conducted at the Technische
Universitat Minchen (Table 2.2). For XRD analysis, the samples were disaggregated, mixed
with an internal standard (10% ZnO), and ground for 8minwith 10 ml of isopropyl alcohol in a
McCrone Micronising Mill using agate cylinder elements. The powder mounts of the samples
were analyzed with a Philips PW 1800 X-ray diffractometer (CuKa, graphite monochromator,
10 mm automatic divergence slit, step-scan 0.02° 28 increments per second, counting time 1
s per increment, 40 mA, 40 kV). Quantification of the crystalline and amorphous phases in
the whole rock powders was performed by using the Rietveld program BGMN (Bergmann et
al., 1998). A comparison of chemical compositions measured by XRF with those calculated
based on XRD results and the chemical composition of the involved phases allowed us to
distinguish if the amorphous phase was predominantly opal-A or volcanic glass.

Table 2.1: Average bulk geochemical composition of studied samples based on X-ray fluorescence analyses.

Sample WI21 WI22 WI27
Sio, 59.70 79.60 62.67
Fe,03 0.90 1.65 6.84
Al,03 13.14 7.03 12.84
MnO 0.01 0.01 0.07
Cao 0.71 0.85 3.94
MgO 0.06 0.32 2.65
K,0 3.37 1.07 2.11
Na,O 1.57 0.48 1.28
TiO, 1.19 1.06 0.70
P,05 0.10 0.05 0.09
LOI 18.46 7.79 6.36
Sum 99.21 99.91 99.55

The ash tuffs (WI21 and WI22) consist of altered crystal fragments and devitrified
glass shards (Figures 2.4-2.5), which are composed primarily of hydrated amorphous silica
(opal-A). Alunite and minor opal-A cement the crystal-vitric ash tuffs (Figure 2.5), in which
the original shards and crystal fragments are hard to distinguish from one another due to
massive opalisation. The maximum particle sizes of the ash tuffs are on the order of 0.2 mm
(WI121) and 0.3 mm (WI22) and the dominant pore size diameters are on the order of several
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hundred microns (Figures 2.4-2.5). The white/grey ash tuff (WI21) consists of amorphous
phases, predominantly opal-A (66%), alunite (32%) and minor amounts of gypsum,
cristobalite and quartz (Table 2.2). The grey, ash tuff (WI22) is more heterogeneous, showing
a distinct bedding of approximately 10 mme-thick layers of low and high porosity.

500 le _

Figure 2.4: Photographs and thin section scan images of the Whakaari ash tuff Wi21 (A and D),WI22 (B and E)
and the loose ash/lapilli sampleWI27 (C). The insets show close-up images of the samples. WI22 samples are
less homogenous and contain larger pores; the distribution of fine and coarse particles generates a clearly
visible layering of the sample.

XRD analysis and chemical data shows that it is mainly composed of opal-A (90%),
alunite (6%), cristobalite (3%), and minor quantities of gypsum and quartz (Table 2.2). The
brown, unconsolidated, poorly-sorted primary tephra (Figure 2.4) comprising 80% coarse ash
and 20% lapilli (hereafter referred to as 'ash/lapilli’) is composed of amorphous volcanic
glass (59%), plagioclase (15%), pyroxene (9%), alunite (8%), and minor quantities of gypsum
and cristobalite.

Table 2.2: Mineral composition of studied samples based on X-ray diffraction analyses.

Sample wi21 Wwi22 Wi27
Opal-A 66 + 6 90 + 3
Plagioclase 15+ 2
Pyroxene* 9+ 2
Alunite** 32+3 6+3 8+2
Gypsum 1+1 1+1 2+1
Cristobalite 1+1 3+1 71
Quartz <1 <1

Sum 100 100 100

* includes ortho- and clinopyroxene
** includes Na- and K- dominated alunites
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Figure 2.5: Photomicrographs (taken under transmitted cross-polarized light) show amorphous opal particles
cemented by alunite. Alunite precipitated within the pores, on opal particles. (A)WI21 shows smaller pores with
a higher amount of alunite precipitates compared with (B) showing WI22. Main components of pores, alunite
precipitates, and opal-A are identified on the figures.

2.4 Methods

Rapid decompression experiments were performed using a 'fragmentation bomb'
apparatus (Alidibirov and Dingwell, 1996a,b; Martel et al., 2000; Spieler et al., 2003, 2004;
Mueller et al., 2005, 2008; Kueppers et al., 2006; Scheu et al., 2006, 2008; Rager et al., 2013;
Richard et al., 2013). The device in its present configuration permits the accurate control of
temperature, gas overpressure and decompression rate in order to best represent variable
volcanic and hydrothermal conditions. It is, in essence, a shock-tube apparatus, consisting of
a stainless steel low-pressure tank (I=3.0 m; d=0.4 m) at ambient pressure and temperature
to collect the experimentally generated pyroclasts, and a high-temperature steel autoclave,
in which the sample is mounted (Figure 2.6). The sample (either dry or water saturated) is
inserted in the autoclave (I = 450 mm; d = 25 mm), which is externally heated up to 400 °C
and pressurized up to 25 MPa using argon gas; when the sample is water saturated, water
turns into a supercritical fluid. The pressure and temperature in the system are monitored at
rates of 1000 Hz and 2 Hz, respectively. A dynamic pressure sensor and a thermocouple are
located at the bottom of the sample; the second pressure sensor sits at the upper end of the
autoclave, 225 mm above the sample (Figure 2.6). The autoclave and low-pressure tank are
separated by a set of two diaphragms that enable triggering of decompression by a
controlled failure of the uppermost diaphragm. The rupture leads to instantaneous failure of
the other diaphragm, and rapid decompression of the high-pressure autoclave. Upon
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.
The sample fragments in a brittle manner in a layer-by-layer fashion (Aldibirov and Dingwell,
2000; Fowler et al., 2010) and the particles are ejected into and stored in the collector tank.
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Figure 2.6: Photograph (A) and schematic drawing (B) of the experimental setup used during this study. The
high pressure autoclave is separated from the low pressure tank by a set of two diaphragms. Pressure and
temperature within the autoclave are monitored by transducers and a thermocouple (adapted from Scheu et
al., 2006). Particles fragmented during decompression are ejected into the ambient pressure collector tank.
Particle ejection is monitored by a high speed camera through a transparent plexiglass.

All three sample series experiments were conducted on both dry and fully water-
saturated samples. For consolidated samples (WI21, WI22) cylindrical samples, 25 mm in
diameter and 60 mm in length, were cored, ground flat and parallel. All cylinders as well as
the loose ash/lapilli samples were dried in an oven at 65 °C for at least 24 h until fully dry.
Prior to the rapid decompression experiments, porosity and bulk density of each sample
were determined using a helium pycnometer (Ultrapyc 1200e®, Quantachrome, USA); the
results are in good agreement with the triple-weight water saturation technique (Table 3;
Heap et al., 2015). The two ash tuff samples (WI21, WI22) used for fragmentation
experiments have mean porosities of 32 and 49%, respectively, whereas the loose ash/lapilli
(WI27) has a porosity of 51% (Table 2.3). Gas permeability of selected samples was
determined using a benchtop (nitrogen) permeameter (Figure 2.7).
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Figure 2.7: Schematic drawing of the benchtop lab permeameter at the Ecole et observatoire des sciences de la
Terre (EOST)-Université de Strasbourg.

For the ash tuffs WI21 and WI22, permeability was measured under a confining pressure of
1 MPa and was found to be 1.5 x 107%¢ and 3.5 x 1071 m? respectively (Table 2.3). For the
loose ash/lapilli (W127), material (excluding the lapilli larger than about 5 mm) was poured
into a rubber jacket (20 mm in diameter and about 40 mm length) and its permeability under
a confining pressure of 0.3 MPa was measured. The permeability of WI27 resulted to be
3.4 x 107 m?(Table 2.3).

Table 2.3: Summary of the rock physical properties of investigated samples. Porosity measurements from Heap
et al. (2015) by using the triple-weight water saturation technique and permeability of the ash/lapilli at a
confining pressure of 0.3MPa are also included. Permeability measurements of WI21 and WI22 were collected
under a confining pressure of 1 MPa. (Note: Given values for density and porosity are averaged on all samples
and might therefore differ from values shown in figures).

Sample Density Porosity Porosity Porosity Gas
(connected) (closed) Heap et al., (2015) Permeability
(g/em’) (%) (%) (%) (m®)
WI21 ash tuff 2.3 32 3.8 29 1.5x10™°
WI22 ash tuff 2.2 49 3.2 46 3.5x10™
WI27 ash /lapilli 2.5 51 3.0 n.m. 3.4x10™2

For rapid decompression experiments the samples were mounted into a steel sample
holder and directly placed inside the autoclave ready for dry fragmentation experiments. For
experiments in the presence of steam-flashing, samples (already mounted into a sample
holder) were submerged in water and placed under a vacuum for at least 72 h to facilitate
water to be absorbed into the connected porosity assuring maximum water saturation. By
contrast, unconsolidated samples were poured into sample holders with effort made to
ensure that their particle size distribution was not misrepresented (i.e., undisturbed from
laboratory manipulation and water-saturated in the same manner).
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2.4.1 Fragmentation threshold

The fragmentation threshold was first determined for both ash tuff sample series at
room temperature (dry condition); for this purpose, a series of tests was done where the
applied pore pressure was successively increased (from 2 MPa) until complete
fragmentation of the samples was achieved. In cases where the sample did not fragment,
the same sample was tested again with the initial pressure raised by an increment of 0.5
MPa. This procedure was continued until the removal of a few millimeters of the sample
surface occurred. This fragmentation initiation is usually 0.5-1.5 MPa below the complete
fragmentation of the sample, which is defined as the fragmentation threshold (Scheu et al.,
2006).

N
A 1978 /)
Depth - Crater, " Donald Hydrostatic
.’—’___\-/"
b.s.l. = o () Mound Springs Pressure

A

MPa

(m)
0

0

W
' . iy > (|
< “ . IRl Sea
\ ; Seawater
vA 2

200

* ascent *_ 3
of boiling o"c
fluids

Magmatic /

&
600 - ‘ll’., g5 s L
Dhat) 00T M
I Brine [ ]Vapor+brine [ |Vaporonly [Bll Degassing magma
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solid arrows indicate flows of the magmatic gas, boiling brines and seawater, respectively (modified after
Giggenbach et al., 2003). The subsurface of the highly active strato volcano is characterized by regimes of liquid
and gaseous fluids.

2.4.2 Fragmentation and ejection speed

Giggenbach (2003) estimates the temperatures in the proximity of the fumaroles,
within the uppermost 200 m below the western subcrater, in the range from 200 to 300 °C
(Figure 2.8). In order to compare fragmentation initiated by steam flashing following rapid
decompression, with fragmentation initiated by argon gas expansion, both water-saturated
and dry samples were heated to 270 °C and pressurized to 6.5 MPa. The temperature was
chosen in agreement to the temperatures estimated by Giggenbach (2003); the applied
pressure was fixed to 6.5 MPa in order to allow decompression from the liquid phase slightly
above the boiling curve but still at a reasonable pressure condition for Whakaari. For a
precise acquisition of the dwell condition for the experiments performed on dry samples,
samples were initially pressurized to about 4 MPa. The target temperature of 270 °C was
reached after a heating time of 45 minutes whereas during the last stage of heating, the
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remaining pressurization required for a dwell pressure of 6.5 MPa was applied. Holding
these final conditions for a dwell time of 10 minutes ensured temperature and pressure
equilibration over the entire sample before triggering the fragmentation.

For the experiments performed on water-saturated samples, the autoclave was first
pressurized with argon gas to 4.0 MPa before heating (Figure 2.9), thereby holding the water
in the liquid state throughout the experiments. Shortly before approaching the final
temperature of 270 °C, the autoclave was pressurized further with argon to the target dwell
conditions. The final dwell condition was held constant for a further 10 minutes to ensure
equilibrated conditions within the autoclave and the sample, before the controlled opening
of the diaphragms was initiated. During the decompression of the system, the phase
transition from liquid water to water vapor is crossed (Figure 2.9).
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Figure 2.9: Experimental pressure and temperature conditions. Both dry and water saturated samples were
initially pressurized to about 4 MPa, then heated to 270 °C and further pressurized to 6.5 MPa during the last
stage of heating. Water within the pores of saturated samples immediately flashes to steam during
decompression when crossing the phase transition from liquid water to water vapor.

Analysis of the pressure sensor and high speed camera recording allowed to quantify
the fragmentation speed and ejection speed of particle front. Particle-size distribution as
well as particle shape was investigated by recollection of the experimentally generated

pyroclasts from the low-pressure tank.

2.5 Results

2.5.1 Fragmentation threshold

In order to account for sample heterogeneities, the determination of the fragmentation
threshold was repeated three times for each ash tuff. The low porosity (® = 31-33 %, WI21) and
the high porosity (® = 44-47 %, WI22) ash tuffs fully fragment at initial pressures ranging
between 4.3-5.3 MPa and 3.8-4.0 MPa, respectively (Figure 2.10). The results are fully in
accordance with the fragmentation threshold defined in previous studies (e.g., Spieler et al.,
2004) and in agreement with the fragmentation criterion of Koyaguchi et al. (2008).
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Figure 2.10: Fragmentation threshold of Whakaari ash tuffs (triangles) at 20 °C during rapid decompression.
Fragmentation thresholds for pristine volcanic rocks at 850°C and 20 °C also are compiled. The dashed line
corresponds to the fragmentation criterion proposed by Koyaguchi et al. (2008). Samples with a higher porosity
fragment at a lower initial pore pressure. Whakaari samples confirm the criterion plotting slightly below the
dashed line.

2.5.2 Fragmentation speed

Rapid decompression experiments at 270 °C and an initial applied pressure of
6.5 MPa were performed for all three sample series under both dry and water-saturated
conditions in order to determine the fragmentation speed. Figure 2.11 illustrates the
following dependencies of the fragmentation speed: (1) for identical conditions (dry argon or
steam flashing), the fragmentation speed of the consolidated ash tuffs increases with
porosity. For the dry experiments, samples with ~ 32 % porosity have fragmentation speeds
between 10 — 28 m/s, and at ~ 52 %, porosity fragmentation speeds increase to 53 — 83 m/s.
Fragmentation speed in the presence of steam flashing increased with increasing porosity in
the ash tuffs (~34 % samples 75-130 m/s and ~ 51 % samples 160-180 m/s). Within a
samples series (given mean porosity), the presence of steam flashing significantly increases
the speed of fragmentation. Ash tuffs where steam flashing occurred led to increased
fragmentation speeds for WI21 (® = 33 %) from 10-28 m/s to 75-130 m/s and for the highly
porous tuffs WI22 (®=51%) from 53-83m/s to 160-180 m/s, respectively. (3) The
unloading speed of loose ash/lapilli samples (WI27) is increased for both, dry and steam
flashing conditions, compared to a consolidated ash tuff of comparable porosity (WI122). Dry
ash/lapilli samples were unloaded at a speed of 167-203 m/s whereas steam flashing led to
an unloading speed of 305 — 353 m/s (Figure 2.11).
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Figure 2.11: Fragmentation speeds of Whakaari samples due to dry argon gas expansion and steam flashing. All
experiments were conducted at 270 °C and 6.5 MPa initial pressures. Fragmentation speed increases with
porosity as well as steam flashing. The speeds obtained for the ash/lapilli samples correspond to the unloading
of the sample out of the autoclave, thus termed unloading speed. In these experiments, further fragmentation
of the particles may occur; however, it is not necessary. (Note: The error bars indicate the uncertainties in the
determination of the fragmentation onset. Errors for the dry experiments with the ash tuffs are small leading
to error bars smaller than the symbols used.).

2.5.3 Ejection speed of the particle front

The duration of the entire gas-particle ejection is on the order of 0.15s to 0.25 s for
the experiments with the ash tuffs and on the order of 0.10s to 0.15 s for the ash/lapilli
(Table 2.4). The velocity of the gas-particle mixture was measured by high-speed
videography for each experiment (except WI22-6). Velocities of the particles travelling at the
front of the ejected plumes were estimated by considering the average of several (>5)
particle velocities (Figure 2.12). The determination of the ejection speed is limited by the
visibility of single particles within the plume of either argon gas and dust or steam and fine
dust, respectively (Figure 2.12). Therefore the maximum velocity of particles ejected in
steam flashing experiments, obtained by the technique of high-speed video analysis, is an
approximation to the true maximum velocity. In addition, the fastest particles, if visible at
all, are hard to track in two consecutive still frames.

26



o

!
|
[
|

Figure 2.12: Sequence of still frames from high-speed camera recordings. (A) Images showing the front of the
argon gas and argon—gas—particle mixture after fragmentation of a dry WI21 sample at 6.5 MPa and 270 °C.
The narrow plume of argon gas contains large particles with a diameter of up to 1.5 mm. (B) Sequence showing
the front of the argon gas followed by the dense and almost opaque steam and steam—particle mixture of a
saturated WI21 sample fragmented in the presence of steam flashing at 6.5 MPa and 270 °C. Note: 19.5 ms
after decompression, the particles within the steam jet are significantly smaller than particles produced in the
dry experiment (A). (C) Still frame showing a single particle ejected at a higher speed ahead of the particle
front. Note: Tracking of first particles arriving in the field of view is partly hindered by the opacity/poor visibility
caused by steam, dust, and very fine particles.

The obtained ejection speeds of all three sample series (Table 2.4) are illustrated in
Figure 2.13 showing the following dependencies: (1) at identical conditions (dry argon or
steam flashing), the ejection speed of the ash tuff particle front increases with porosity. In
case of dry fragmentation from 80-85 m/s for WI21 (®=32 %) to 122-133 m/s for WI22
(d=52 %) and for fragmentation dominated by steam flashing, ejection speed of particle
front was enhanced from 125-162 m/s (®=34 %) to 181-195 m/s (®=50 %). (2) Within a
samples series ejection speed is significantly increased in the presence of steam flashing.
From 80-85 m/s to 125-162 m/s for WI21 and from 122-133 m/s to 181-195 m/s for WI22
respectively. (3) For both, dry argon and steam flashing conditions, ejection speed of loose
ash/lapilli samples (WI27) are higher, compared to a consolidated ash tuff of comparable
porosity (WI122). Ash/lapilli samples were ejected at a speed of 150-161 m/s under dry
conditions and at a speed of 208-221 m/s in the presence of steam flashing.
For both ash tuffs, the ejection velocity of the gas-particle mixture is higher than the
fragmentation speed in each experiment (Figures 2.11 and 2.13). In contrast, the maximum
ejection speed of the loose ash/lapilli is lower than the unloading speed.
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Figure 2.13: Ejection speed of the particle front in the presence of argon gas expansion and steam flashing. The
ejection speed values correspond to the average of the velocities of several particles (> 5) traveling at the front
of the gas—particle mixture. The ejection speed of the ash tuff increases with porosity and is lower than for the
unconsolidated ash/lapilli. Steam flashing significantly enhances the ejection speed for all sample types (Note:
The error bars reflect the extrema of each data point.).

Table 2.4: List of samples used for fragmentation experiments with experimental condition and porosity to
quantify the fragmentation speed and the ejection speed of particles front. Atejection COrresponds to the total
duration (s) over which particle ejection occurs. Note: unloading speeds of WI27 samples are given under
column fragmentation speeds (Vfragmentation).

Sample Experimental Porosity Vfragmentati Vejection Atejection
condition (%) (m/s) (m/s) (s)

Wi21-1 dry argon 34 28 84 0.24
WI21-2 dry argon 32 12 85 0.25
WI21-3 dry argon 31 10 80 0.25
WI21-4 steam flashing 36 129 162 0.20
WI21-5 steam flashing 32 74 125 0.22
WI21-6 steam flashing 33 121 150 0.20
WI22-2 dry argon 51 53 122 0.19
WI22-3 dry argon 52 59 125 0.20
Wi22-4 dry argon 53 83 133 0.19
WI22-5 steam flashing 47 norecord 181 0.16
WI22-6 steam flashing 49 161  novideo novideo
WI22-7 steam flashing 52 180 194 0.15
WI22-8 steam flashing 51 174 195 0.16
WI27-1 dry argon 53 203 155 0.14
WI27-2 dry argon 49 167 150 0.15
WI27-3 dry argon 52 197 161 0.14
WI27-5 steam flashing 49 305 208 0.12
WI27-6 steam flashing 51 324 221 0.11
WI27-7 steam flashing 53 353 220 0.10
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2.5.4 Particle size and shape

The evaluation of the particle-size distribution of the experimentally generated
pyroclasts is shown in Figure 2.14. Due to the sealing between the plexiglass 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 was not possible; however, a
minimum weight yield of 95 % was achieved. WI21 ash tuffs showed a peak in the particle-
size distribution at phi =—0.5 (1.5 mm) when fragmented dry with argon (Figure 2.14A). The
samples fragmented by steam flashing exhibit a peak at a smaller phi-value between 0 and
1(1-0.5mm). Dry argon fragmented WI22 samples demonstrate the highest particle
fraction at phi-values between -3 and -1.5(8-3mm), whereas the steam-flashing
experiments enhanced the generation of fine particles, shifting the peak to phi =1 (0.5 mm)
(Figure 2.14B). The unconsolidated WI27 ash/lapilli particles showed grain size peaks at phi =
1 (0.5 mm). In contrast to WI21 & WI22 a grain size distribution prior to experimentation
(raw) was determined for the loose ash/lapilli, which is biased by a few coarser particles
leading to a peak at phi = -3 (8 mm). The shift of the grain size distribution curve from prior
to post experimentation is evidence of fragmentation despite their lack of consolidation
(Figure 2.14C). Fragmentation dominated by steam flashing increases the proportion of fine

particles.
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Figure 2.14: Particle size distribution plots showing the relation of weight percentage and particle size (phi,
phi=-log2d, with d=particle diameter in mm) of rapid decompression experiments at 270 °C and 6.5 MPa.
Fragmentation of ash tuffs with (A) 33% porosity and (B) 50% porosity as well as ash/lapilli (C) with 53%
porosity due to dry argon gas expansion and in the presence of steam flashing. The grain size is decreasing to
the right in all three plots, showing a shift to more fines with increasing porosity and a significant shift for
fragmentation in the presence of steam flashing. For the unconsolidated ash/lapilli, the grain size distribution
prior experimentation (raw) is also plotted (Note: Given porosities (D) refer to average values of experiments
shown in the figure and might therefore deviate from average values given in Table 3.).
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To quantify variations in particle shape, the three axes of the generated particles
from experiments on WI21 and WI22 were measured and used to plot the S/L ratio and
[(L-1)/(L-S)] form index with the standard deviation (Figure 2.15). In total, 134 particles with
phi sizes ranging from -2.5 to -1.5 were used for the analysis of the particle shape as these
phi sizes have been produced in every experiment and were measureable with a set of
calipers. The shape of particles fragmented by steam flashing for sample WI21 was slightly
different to particles fragmented by gas expansion, and also slightly different than any
particles generated in the experiments on the sample WI22 (Figure 2.15). Nevertheless, the
shape of the particles from the different experiments/conditions is not significantly different
as the standard deviation bars of the individual samples show significant overlap.
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Figure 2.15: Particle shape of ash tuffs fragmented by argon gas expansion and in the presence of steam
flashing plotted within grain shape fields developed by Sneed and Folk (1958). The grain shape was determined
for particles ranging from -2.5 > phi > -1.5 (5.6 > phi > 28mm). Photomicrographs of particles showing the long
versus intermediate and long versus small axes are additionally presented as a reference for all shape fields
occupied by investigated ash tuff particles. (Note: Error bars indicate the standard deviation of the
measurements. Given porosity values (D) are averaged on the samples investigated for the grain shape and
might therefore deviate from the values given in Table 2.3).

2.6 Discussion

The presented results show that, under identical pressure and temperature
conditions, eruptions accompanied by the process of liquid water flashing to steam are
significantly more violent that those driven simply by gas expansion. Thus, steam flashing
changes the conditions for and the progression of fragmentation.
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2.6.1 Fragmentation threshold

The pressure applied during the fragmentation experiments of this study was set
above the pressure determined in the experiments designed to delineate the fragmentation
threshold in order to ensure full fragmentation and complete ejection. As noted above, the
fragmentation threshold of WI21 and WI22 follows the well-defined trend of fragmentation
threshold and porosity (Figure 2.10), and plots slightly below the fragmentation criterion
postulated by Koyaguchi et al. (2008) based on experiments with pristine volcanic rocks from
Spieler et al. (2004), Kennedy et al. (2005) and Scheu et al. (2006). The microstructure of
these altered ash tuffs, is characterized by shards and fragments, cemented mainly by
alunite and opal-A (Figure 2.5; Heap et al., 2015). This complex microstructure containing
altered particles bound by secondary precipitated minerals exhibits a slightly lower tensile
strength than that of pristine volcanic rocks and subsequently, fragment slightly below the
classically defined fragmentation threshold of Spieler et al. (2004), still obeying the
fragmentation criterion.

2.6.2 Fragmentation and ejection speed

The fragmentation and ejection speed obtained in the experiments is controlled by
the initial overpressure within the pores, the connected porosity, the permeability, and the
strength of the sample (Scheu et al., 2006; Richard et al., 2013). In addition, the state of the
decompressing fluid is an important control, as clearly demonstrated. Both, the
fragmentation and ejection speed increases significantly for those samples fragmented in
the presence of steam flashing. The connected porosity allows us to quantify the amount of
gas or superheated water stored within the sample. Indeed, Scheu et al., (2006)
demonstrated that fragmentation speed is highly influenced by porosity using fragmentation
experiments on samples containing different porosities. They showed that fragmentation
speeds of 20 and 43 m/s respectively were achieved, when fragmenting samples with 33 and
54 % porosity at an initial pressure differential of 10 MPa. These results, for the case of
fragmentation by pure argon gas expansion are similar to those for dry argon experiments
with WI21 and WI22 in this study. In contrast, during the decompression from 6.5 MPa to
ambient pressure, the isothermal expansion of water within the pores and the instantaneous
flashing to steam causes a 30-fold larger volume increase compared to pure argon gas
expansion under these conditions. Thereby, this process is significantly more violent and
energetic (Wohletz, 1983) leading to a faster fragmentation of the sample (as shown in
Figure 2.11). As the fragmentation process controls the velocity of the gas particle mixture
(Alatorre-Ibargliengoitia et al., 2011), the ejection speed of the particle front increases with
an increase in the fragmentation speed. Therefore, ejection speed increases with porosity
and is significantly higher during steam flashing than for simple gas expansion.

During decompression, the potential energy of gas trapped in pores is converted into
kinetic energy as gas expands (Aldibirov and Dingwell, 2000). In this process, part of the
energy is consumed by fragmentation and the remaining kinetic energy is left to expel the
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fragments (Alatorre-lbargiiengoitia et al., 2010). During steam flashing experiments, the
scenario is slightly modified as a change in phase is additionally responsible for the gas
volume increase powering the fragmentation and ejection processes; yet, the balance in
energy used by fragmentation and particles expulsion remains.

In the experiments with loose ash/lapilli (WI27), a grain size reduction was observed,
which is assumed to be caused by fragmentation, fracturing, and/or comminution. As a
consequence of only very minor energy consumed by fragmentation, a higher amount of
energy is available for the main energy sinks: namely, the lofting, acceleration, and ejection
of the particles. This leads to faster unloading speeds for unconsolidated WI27 compared
with the fragmentation speeds of WI22, even though these two samples exhibit similar
values of connected porosity. Further, the surplus energy also leads to higher ejection
speeds of the particle front for the unconsolidated WI27 samples compared to the cemented
WI21 and WI22 samples for both dry and steam flashing experiments (Figure 2.13). Alatorre-
Ibargliengoitia et al. (2011) observed that the ejection velocity of the gas-particle mixture is
higher than the fragmentation speed of rock samples fragmented by gas expansion. The
results for the ash tuff experiments are in agreement with this observation. Ejection speed
of particles in the presence of steam flashing may even be still faster than reported here, as
the highest speeds might not have been estimated due to poor visibility during initial phase
of ejection of the fastest particles.

The experiments with loose material (WI27) showed that the ejection speed of the
first trackable particles is higher than the ejection speed of the ash tuffs but lower than the
unloading speeds. In addition, the unloading of the ash/lapilli (in both dry argon and steam
flashing experiments) is faster than the ejection speed of particles front.

2.6.3 Particle size analysis

The production of fine particles in the experiments quantified by the particle size
distributions of all fragmented samples are in agreement with the trend identified by
Kueppers et al. (2006): an increased production of fine particles results from higher
fragmentation energy as a consequence of higher gas volume stored in high porosity
samples. Our work shows a similar effect is induced by steam flashing as the gas volume
increases significantly during the phase change. The results support previous assumptions by
Wohletz (1983) and Cronin et al. (2003) that steam flashing reduces the particle size in
natural eruptions and in shock-tube experiments (e.g., Rager et al., 2013; Foote et al., 2011).
Rager et al. (2013) investigated the effect of steam flashing on the production of fine
particles during the fragmentation of sandstones with an average connected porosity of
27 %. The grain size distribution of saturated sandstone fragmented at 300 °C and 15 MPa
showed a clear increase in the production of fine particles compared to the control samples
fragmented by pure gas expansion.

Particle size analysis prior to and post fragmentation showed that fragmentation
processes also occur in experiments with loose samples (WI27) (Figure 2.14). The few coarse
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particles responsible for the peak in the particle size distribution plot (phi = -3) fragmented
during decompression as they could not be observed in the high-speed camera recordings.
In addition, the peaks in the particle size plot of fragmented ash tuffs (WI21 and WI22)
(Figures 2.14A, B) are not predetermined by the initial particle sizes of the shards and
fragments, which are cemented by alunite and opal-A (Figure 2.5). In fact, there seems to be
no correlation between the dominant particle size of the original clastic rock and the
dominant size of fragments. Indeed, most particles generated by fragmentation are
aggregates of several cemented particles (Figure 2.15).

2.6.4 Particle shape analysis

The shape analysis of investigated particles showed that for the Whakaari ash tuffs
neither sample type nor fragmentation fluid state has a significant influence on the shape
(i.e., they plot within the same shape fields; Figure 2.15). Here, fragmentation both with and
without steam flashing involves fracturing parallel to the decompression front and generate
particles with platy or bladed shapes consistent with previous experimental studies (Rager et
al., 2013). Although the mean shape of the WI21 particles generated by steam flashing plots
within the field of very bladed particles, no significant difference (considering the standard
deviation) exists within the investigated particles. Results of the grain shape analysis slightly
contrast with the findings by Rager et al. (2013) who investigated the shape of volcaniclastic
sandstone particles produced by fragmentation experiments with a different degree of
sample saturation at 177 °C and 300 °C, respectively. Their study showed that, according to
the (S/L) and (L-1)/(L-S) ratio, particles generated by fragmentation at 15 MPa are
characterized by a bladed shape and plot within or close to the 'bladed’ field. However, they
showed that full sample saturation (steam flashing) caused a change of the particle shape in
comparison to partial sample saturation, as it leads to the generation of compact bladed
particles. This effect is not supported by the analysis of Whakaari ash tuff particles that were
fragmented at 6.5 MPa.

Most likely the shape could be controlled by the initial pressure as well as sample
microstructure and inhomogeneity. As a result, caution should be exercised here on the
subject of using the shape of particles to distinguish between phreatic or gas blast eruptions.
Further studies are needed to shed more light on this complex relation.

2.6.5 Eruption scenarios

Due to its active hydrothermal system, Whakaari’s subsurface is characterized by
intense fluid migration, storage, and emission. Hydrothermal fluids exist in both liquid and
gaseous states within the hydrothermal system at Whakaari and the obtained results have
implications for both types of eruption (liquid and gaseous).

Both eruption scenarios envisaged pressurization of the hydrothermal system to
occur if the volume of the uprising fluid supply exceeds the volume of fluids emitted at the
surface. One of the main controlling factors here is the permeability of the rocks within the
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hydrothermal system. Our permeability data (Table 2.3) highlights that the rocks comprising
the hydrothermal system at Whakaari can vary by at least two orders of magnitude. This
difference in permeability is likely related to the differences in rock microstructure
(Figures 2.4-2.5): WI21 is less porous and contains a higher amount of secondary minerals
precipitated within the pores (Figure 2.5). Hydrothermal sealing has been discussed in
several studies (Edmonds et al.,, 2003; Christenson et al., 2010; Vignaroli et al.,, 2014;
Wyering et al., 2014). Sealing occurs by the deposition of silica and other hydrothermal
minerals within the pore and fracture network. Such precipitation is likely to reduce the
porosity and permeability of the deposits and will eventually lead to the pressurization of
the hydrothermal system. Likewise, dissolution during hydrothermal alteration can increase
the permeability of rocks (Wyering et al., 2014).

Eruptions, with or without steam flashing, occur when the pore pressure exceeds the
combination of lithostatic and hydrostatic pressure plus the tensile strength of the
surrounding rock (Browne and Lawless, 2001). Several triggers may cause the breaking of a
mineralogical seal and lead to decompression and hence the expansion of fluids leading to
an eruption (Figure 2.16).

Here the events following full fragmentation and ejection of the sample (i.e. after the
decompression of the fluid within the pore network) are focused. In the case of gaseous
fluids, the expansion and therefore the explosivity of an eruption is less violent than for
steam flashing of fluids that are initially liquid and change to a gaseous phase during
decompression. Thermodynamics dictate that water at 270 °C and 6.5 MPa will increase in
volume 30 times when changing phase into a gas at atmospheric pressure. This volume
increase due to the phase transition of water is the crucial reason for the differences in the
fragmentation and ejection dynamics of the investigated experiments. Steam flashing causes
higher fragmentation speeds, higher ejection speeds and an increased production of fine
particles. The hazard potential of such eruptions is therefore much greater than that of gas
eruptions, in terms of energy, trajectory distances of ballistics, and size of the area affected
by ejecta. Large amounts of very fine particles in a plume represent a persistent, long-lived
hazard for the surrounding area. Moreover, eruptions at Whakaari are likely to involve high
amounts of unconsolidated material (Figure 2.2B). As our results showed, the ash/lapilli
(WI27) was ejected at higher speeds and, thus, the probability of ejecta reaching greater
distances and spreading over wider areas is increased. Steam flashing phreatic eruptions,
which may prove to be the least predictable of all eruptions, are apparently also those
containing the highest specific energies for fragmentation and its consequences not only at
Whakaari but also at any other hydrothermal system worldwide.
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Figure 2.16: Schematic model of eruptions driven by gas expansion (left) and steam flashing of liquid water
(right). A mineralogical seal allows pressurization of the system; breaking this seal triggers the eruption and
leads to a sudden pressure drop. The expansion of gas or liquid water flashing to steam within the pore and
fracture network is fragmenting and ejecting the rocks. Initiated at identical pressure and temperature
condition the two processes cause differences in the explosivity and therefore violence of the eruption
manifested in significantly higher fragmentation and ejection speeds, as well as higher amounts of fines in the
presence of steam flashing.

2.7 Summary and conclusions

Rapid decompression experiments on hydrothermally altered samples (ash tuffs and
unconsolidated ash/lapilli) from Whakaari have been conducted. The experiments, designed
to mimic phreatic eruptions, explore the effect of different fluids (dry argon gas versus
superheated liquid water) on the fragmentation behavior. The initial conditions were set at
270 °C and 6.5 MPa; rapid decompression to atmospheric pressure triggered fluid expansion,
fragmentation and ejection of particles. Our results show the influence of argon expansion
versus steam flashing as well as sample type and secondary hydrothermal alteration (among
others alunite precipitation) on the fragmentation threshold and speed as well as the
particles size, shape and ejection velocities.

(1) The rapid decompression experiments revealed that fragmentation and ejection
speeds of two ash tuffs, cemented by alunite and amorphous opal, increase with
increasing porosity and that both are significantly enhanced in the presence of steam
flashing;

(2) The energy consumption by fragmentation leads to reduced ejection speeds of
cemented tuffs in comparison to unconsolidated samples;
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(3) Fragmentation dominated by steam flashing also results in increased fragmentation
energy and increased proportion of fine particles;

(4) For the investigated Whakaari samples the phase of the fluid just prior to
fragmentation showed no significant influence on the particle shape as revealed by
analysis before and after fragmentation. Both steam flashing and pure gas expansion
produce platy or bladed particles from fracturing parallel to the decompression front.

In summary, under identical pressure and temperature conditions, eruptions accompanied
by the process of liquid water flashing to steam are significantly more violent than those
driven simply by gas expansion. Phase changes during decompression together with the type
and amount of cementation are important fragmentation variables and should therefore be
considered for hazard assessment and modeling of eruptions in hydrothermally active
environments.
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3 Influence of hydrothermal alteration on phreatic eruptions in

Campi Flegrei, Italy

Figure 3.1: Vigorous degassing at Pisciarelli fumarole, Campi Flegrei (ltaly).

37



This page was intentionally left blank.

38



3.1 Introduction

Solfatara crater and the adjacent fumarole in Pisciarelli are located within the Campi
Flegrei (CF) caldera to the west of Naples (Italy). This area shows one of the largest fumarolic
manifestations known, and the surrounding rocks are affected by intense hydrothermal
alteration (Caliro et al.,, 2007). Campi Flegrei caldera (Figure 3.2) hosts a large, complex
hydrothermal system, active (at least) since historic times (Mormone et al., 2011), which is
characterized by periods of ground uplift (bradyseism) accompanied by seismic events.
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Figure 3.2: Structural-geological map of Campi Flegrei showing the location of Solfatara and Pisciarelli (modified
after Isaia et al., 2015).

At depth it can be assumed that magmatic gases mix with hydrothermal liquids and
form a rising gas plume (Caliro et al., 2014). At the top of the rising plume, a single phase gas
zone at shallow depth (300-100 m) develops (Caliro et al., 2007), where fluid circulation and
fluid-induced alteration of the host rock are believed to influence pressurization events
(Bruno et al. 2007). Permeability decrease due to the alteration process, could however
cause pressurization and, in turn, result in phreatic eruptions at depths of a few hundred
meters. The risk of such events was analyzed by Italiano et al. (1984) who constructed a
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thermodynamic model based on the gas emission rates at Solfatara. A similar scenario was
recently reconstructed by Isaia et al. (2015) on the base of stratigraphic field analysis of
ejected material. Their study indicates a multiphase eruptive evolution of the Solfatara
crater derived from an early phreatic phase excavating the pre-eruption basement, followed
by phreatomagmatic events. Alteration could however also enhance permeability, thereby
hindering the pressurization in the subsurface and, in turn, reducing the risk of an eruption.
A recent mineralogical and isotope study by Piochi et al. (2015) concluded that the CF
caldera represents a low sulfidation system grading in its most active centers (Solfatara-
Pisciarelli) into the high sulfidation regime. They additionally proposed, that the increasing
CO;-degassing-surface area results from fracturing of the surficial rocks with major leaching
of gas favoring increased outgassing.

The aim of this study is to investigate the influence of hydrothermal alteration on
rocks, outcropping at the sites of the main hydrothermal activity within the CF caldera
(Solfatara and Pisciarelli; Figure 3.3). Collected samples have been geochemically and
mineralogically investigated in particular with respect to their degree of alteration. The
effects of alteration on rock physical and mechanical properties have been measured and
experimentally determined. This analysis included rapid decompression experiments at
elevated temperatures to simulate possible phreatic eruption conditions whereby eruptive
processes of this type of event and the fragmentation behavior of the involved rocks were
studied. For the first time fragmentation experiments in the presence of steam expansion
are presented and compared with control experiments, driven by pure argon gas expansion
in order to best mimic the possible conditions at the investigated sites. Additionally, the size
of experimentally-generated pyroclasts, as well as the amount and composition of fine
particles have been analyzed and evaluated

3.2 Geological setting

Campi Flegrei is a densely-inhabited area located west of Naples characterized by an
active resurgent caldera system (e.g. Vitale and lIsaia, 2014, and reference therein) . Since
the second major caldera collapse, which formed the Neapolitan Yellow tuff ~15 ka ago, a
high level of volcanic activity has produced more than 70 explosive eruptions, separated by
rest periods of variable length (e.g. Di Vito et al., 1999; Orsi et al., 2004; Isaia et al., 2009).
These eruptions, were predominantly phreatomagmatic with minor magmatic events
occurring along the structural boundaries of the caldera as well as along faults inside the
caldera, producing several tuff cones and tuff rings (Di Vito et al., 1999; Orsi et al., 2004;
Costa et al., 2009; Smith et al. 2011). A historic eruption formed the Monte Nuovo tuff cone
(1538; Guidoboni and Ciuccarelli, 2011). Intra-caldera collapses of variable size followed such
events with minor volumes of erupted magma (e.g. Agnano-Monte Spina, AMS) (de Vita et
al., 1999; Di Vito et al., 2011; Isaia et al., 2004, 2015). The volcanism has also included
phreatic events and the formation of maar-diatreme structures, as recently postulated for
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the Solfatara crater (Isaia et al., 2015). Solfatara volcano is part of a cluster of vents within
less than 2 km?, located at the southwestern rim of the AMS caldera (Figure 3.2), (Isaia et al.,
2009). The reactivated volcanic activity started after the AMS Plinian eruption (~4.5 ka;
Smith et al., 2011) after a refilling of the reservoir at a depth of less than 3 km and generated
vents in the central area of the caldera including Solfatara crater (Isaia et al., 2009). Solfatara
crater developed during a maar-diatreme evolution 4200 yr. B.P. and presently hosts very
intense hydrothermal and fumarolic activity both inside the crater as well as on the eastern
flanks towards Via Antiniana and the Pisciarelli area. The latter has exhibited a significant
increase in degassing activity over the past 10 years marked by i) a widening of the
hydrothermal area, ii) an increase in temperature and gas emissions and iii) the formation of
new vents (Chiodini et al., 2012, 2015; Troiano et al., 2014, Isaia et al., 2015). The majority of
the wall rocks affected by alteration at both sites represent pre-Agnano-Monte Spina (pre-
AMS) and Agnano-Monte Spina (AMS) volcanic deposits (Isaia et al., 2009, 2015).

3.2.1 Hydrothermal system

The level of historical knowledge surrounding the history of the CF hydrothermal
system is unsatisfactory. Currently the Solfatara area, including Pisciarelli and Via Antiniana,
is the hydrothermally most active part of one of the largest fumarolic manifestations
worldwide. It consists of a) a deeper-seated zone and b) a shallow zone; interacting with
each other (Caliro et al., 2007)

Changes within the deeper-seated hydrothermal system have been caused by
repeated injections of magmatic fluids in the past (Chiodini et al., 2012), where mixing with
liguids of meteoric origin occurred (Caliro et al., 2014). These injections led to the
pressurization of the system resulting in periods of ground uplift (Orsi et al., 1999; Vilardo et
al., 2010) accompanied by increased seismicity (Orsi et al., 1999; D’Auria et al., 2011). The
magmatic fluids appear to derive from two sources: (1) a deep stable magma chamber at
approximately 8 km depth, which has fed volcanism over the last several thousand years
(Mangiacapra et al.,, 2008; Arienzo et al.,, 2010), and (2) a shallower magma reservoir,
intruded approximately at 4 km depth during the unrest episode occurring from 1982 to
1984 (Moretti et al., 2013, and references therein). The mixing of these fluids occurs at high
temperature (>350 °C) at the base of the hydrothermal system (2.0-2.5 km), from which the
rise of a plume (gas and liquid) to shallow depths is largely controlled by a volcano-tectonic
system of a complex collapsed maar-diatreme structures (lsaia et al., 2015). According to
Caliro et al. (2007) a single-phase gas zone exists at shallow depth (100—300 m). But recent
geophysical (ERT) studies have revealed the existence of a two-phase system represented by
liquid- and gas-dominated zones in the subsurface of Fangaia mud pool and the fumaroles of
Bocca Grande (BG) and Bocca Nuova (BN) (Figure 3.3-3.4), respectively (Byrdina et al.,
2015).

The thermal energy release associated with the surficial gas emissions represents a
major proportion of the energy balance of the CF caldera (Cardellini et al., 2003; Chiodini et
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al., 2001, 2011). The fumarole temperatures measured at the surface range up to 165 °C and
160 °C for BG and BN, respectively and up to ~115 °C for Pisciarelli (Valentino et al., 1999;
Chiodini et al., 2015). The main components of the fumarolic effluents are H,O and CO,,
followed by H,S, Ha, N2 and CH4 (Caliro et al., 2007). Due to the buffering of magmatic fluids
by the large hydrothermal system, components like SO, HCl and HF are not detected at the
surface (Chiodini et al., 2001; Moretti et al., 2013). Sulfate concentrations in the Pisciarelli
mud pool are relatively high and reach up to 4,600 ppm (Cennamo et al.,, 2002). The
substantial release of CO. by both fumarolic and diffuse degassing within the Solfatara-
Pisciarelli area is anomalously high (>2000 ton d!), and is typical of volcanoes in eruptive
phases (Caliro et al., 2014, and references therein).

3.2.2 Hydrothermal alteration

Deep system

In the geothermal exploration program of the Agip-Enel Joint Venture several deep
drillings (e.g. San Vito 1) have been conducted in the Campi Flegrei caldera since the 1970’s.
These were located beyond the high-outgassing zone investigated in this study (Agip, 1987).
Drill log information was used to analyze the fluid-rock interaction at depth (<2800 m) that
has produced a suite of hydrothermal alteration minerals leading to increasing rock density
and a corresponding decrease in porosity (Mormone et al.,, 2011) as well as an increase in
shear and tensile strengths of the rocks (Vanorio and Kanitpanyacharoen, 2015). The
formation of argillic phases, especially in the shallow alteration zones of these drillings and
accompanied by a decrease in rock permeability, favors the interpretation of the creation of
a cap rock within the hydrothermal system (Todesco et al., 2003; Bruno et al., 2007). Rock
samples from the drill cores obtained during the Campi Flegrei Deep Drilling Project (CFDDP),
located in the eastern sector of the caldera, have been investigated recently (De Natale and
Troise, 2011). Drill log analysis has shown a hydrothermal alteration-induced rock
mineralization leading to the filling of voids and veins (Mormone et al., 2015) and a
reduction of rock permeability (Carlino et al., in review). In general, the mineralogy detected
in these drill holes is characteristic for a neutral-pH, low-sulfidation system (Piochi et al.,
2015).

Surficial system

Steam-heated environments, in the upper portions of hydrothermal systems, in
which sulfuric acid is created at or above the water table by the oxidation of H.S
(H2S + 202 =H,S04), lead to an advanced argillic alteration (Rye et al., 2005). This type of
alteration is characterized by acidic fluids and the formation of amorphous silica and alunite
(Pirajno, 2009), which is a very common feature in surficial regions of high-sulfidation
epithermal systems, often referred to as solfataric alteration (Bishop et al. 2007). In the
presence of abundant sulphate ions and Al-rich protoliths, alunite forms veins, lenticular
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bodies and may even replace entire rock masses (Pirajno, 2009). The formation of alunite
from K-feldspar follows the reaction:
3K(AISi30sg) + 3H2S0s4 - KAI3(OH)s(S04);2 + 9Si0O2 + K2(S04)2

(Holler, 1967). During the transition from K-feldspar to alunite, SiO; is released (Hedenquist
et al., 2000). This release in combination with the residual SiO;, caused by the extreme
leaching of the alkali cations by acidic fluids (pH 1.3—2.5) at high temperature, may lead to
the formation of vuggy silica (Bruno et al., 2007; Boyce et al., 2007). As a result, the K-
feldspar and mafic silicate phases within the trachytic host rocks are completely altered
(Pirajno, 2009).

The Solfatara-Pisciarelli area is characterized by the surficial formation of alunite and
amorphous silica (De Gennaro et al., 2000; Bruno et al., 2007; Pinto et al., 2007). A recent
study based on SEM and isotope analysis confirms the genesis of alunite at Solfatara and
Pisciarelli via hydrolysis of K-feldspar (Piochi et al., 2015). In contrast, the low pH of fluids
hinders the formation of kaolinite (Zimbelman et al., 2005) at Pisciarelli (Valentino et al.,
1999) and at the highly degassing vents at Solfatara (Bruno et al., 2007). Due to the lack of
wells in the proximity of Solfatara crater, a detailed distribution of hydrothermal alteration
minerals in the subsurface is not yet possible (Bruno et al., 2007). Piochi et al. (2015) have
developed a conceptual model of the Campi Flegrei hydrothermal system, based mainly on
geochemical and mineralogical data as well as on input from drilling studies. They propose
an acid sulfate environment along the SW-NE section from Solfatara crater to the Pisciarelli
area at shallow depth of a few hundred meters and high-sulfidation zones associated to the
hydrothermal vents of Solfatara and Pisciarelli. Previous studies examined the effects of
surficial alteration on rocks from the Solfatara crater walls (lavas and pyroclastic rocks) by
investigating rock physical and rock mechanical properties (Pola et al., 2012, 2014). Those
results indicate that an increasing degree of alteration leads to an increase in porosity
causing a decrease of elastic wave velocities, as well as tensile and compressive strengths.

3.3 Investigated lithologies

In order to investigate the influence of hydrothermal alteration on rock properties,
and as a consequence to infer implications for possible phreatic eruptive processes, two
areas of intense hydrothermal activity (Solfatara crater and Pisciarelli area) were chosen as
sampling sites (Figures 3.3-3.4).

Rock samples from AMS and pre-AMS lithostratigraphic units, exhibiting variable
degrees of alteration have been collected (Figure 3.5). These sequences represent the oldest
rocks exposed in the Solfatara-Pisciarelli area (Figure 3.4-3.5) and consist of pyroclastic
fallout, coarse to fine-ash beds, and pyroclastic density current deposits (Isaia et al., 2015).
Post-depositional processes and alteration have led to the consolidation and compaction of
the deposits, which have been transformed thereby from loose deposits to solid rocks.
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Figure 3.3: Geological cross section (2x vertical exaggeration) of the study area showing stratigraphic units,

shallow fluid flow and sampling locations (modified after Isaia et al., 2015).
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Samples were selected based on observable differences in macroscopic texture, color
and particle size after the removal of surficial encrustations and weathering effects. Two
blocks from the vicinity of the Solfatara cryptodome were collected (Figure 3.4; see also Isaia
et al., 2015): one block of a pyroclastic current deposit comprising a lesser altered core (S1)
and a more altered rim (S2), and a heavily altered block from a second current deposit (S3)
(Figure 3.5). Within the Pisciarelli area, three blocks from a several-meter-thick consolidated
ash fall sequence were collected (P1, P2, P3) (Figure 3.5).

Figure 3.4: Google Earth™ image of Solfatara crater and Pisciarelli fumarole. Insets show details of the
sampling locations.

2 I 25 mm " } 25 mm "
-~

Figure 3.5: Photographs of the investigated sample series from Solfatara (51-S3) and Pisciarelli (P1-P3). Samples
show differences in macroscopic texture, color and particle size in respect to alteration.
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3.4 Methods

3.4.1 Mineralogical and geochemical characterization

Mineralogical and geochemical analysis was conducted by optical microscopy as well
as by wavelength dispersive X-ray fluorescence (WD-XRF) and X-ray powder diffraction
(XRD). To further investigate the intensely-altered samples electron probe micro analysis
using an energy-dispersive system (EPMA-EDS) was employed.

XRD analysis was conducted using a General Electric XRD 3003 TT diffractometer
(CuKa, graphite monochromator, step-scan 0.0013° 26 increments per second, counting
time 100s per increment, 30 mA, 40 kV). For this analysis samples were disaggregated and
ground for 8 minutes with 10 ml of isopropyl alcohol in a McCrone Micronising Mill using
agate cylinder elements. Phase identification was conducted with the interface Rayflex
ANALYZE (Putz and Brandenburg, 2003). The whole rock element compositions were
determined by WD-XRF analysis (Philips, MagiX Pro). Major and minor elements were
measured using glass beads prepared by fusion of 1 g sample and 9 g SPECTROMELT A12
(66% di-lithium tetraborate, 34% lithium metaborate) in a Panalytical Eagon 2 furnace fusion
system. SOz was measured by XRF analysis of powder tablets. Therefore 8 g of the sample
powder was mixed with 2g of Merck Hoechst wax C micropowder (CssH76N203),
homogenized and pressed with P=15 bar for >1 minute. Additional geochemical information
was attained by a Cameca SX 100 (EMPA) equipped with a Bruker AXS XFlash Detector 3001.
Chemical composition resulting from WD-XRF analysis allowed determination of the CIA,
which is one of several indices proposed in literature to characterize the alteration degree of
different rocks (Pola et al., 2012, 2014, and references therein). The index, based on the
weight percentage ratios of major elements, is applied to correlate the degradation trend
exhibited by rock physical and mechanical properties. For further information concerning
formula and references of the index, please refer to Chapter 1.2.

3.4.2 Rock physical properties

Throughout this study, cylinders of all blocks sampled were cored perpendicular to
the layering for the determination of rock physical properties. Bulk density, matrix density,
and connected porosity of dry (oven-dried at 65 °C for 24 h), cored cylinders were measured
using a helium pycnometer (Ultrapyc 1200e®, Quantachrome, USA) at the LMU. A portable
air permeameter was used to measure the permeability of samples in the field (New England
Research, TinyPerm lll). This handheld device calculates the Darcian permeability based on
the monitored response function of the transient vacuum at the interface between the
nozzle and the rock during the evacuation of air from the rock (Possemieurs et al., 2012;
Vignaroli et al., 2015; Farquharson et al., 2015, Figures 3.6). Additionally gas permeability
measurements of selected cylindrical samples (40 mm length; 20 mm diameter) were
conducted under a confining pressure of 1.0 MPa at the Ecole et observatoire des sciences
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de la Terre (EOST)-Université de Strasbourg. Further, benchtop P-wave velocity of dry,
cylindrical samples (60 mm length; 25 mm diameter) was determined at the LMU.

MEASURE

Group 0327

Sample 8

New Measurement

Figure 3.6: (A) Portable permeameter TinyPerm Il during field measurement and (B) TinyPerm app on an
Android device permitting wireless data collection.

3.4.3 Ultrasonic wave velocity and strength tests

Experiments to determine the rock mechanical properties were performed on dry
and saturated (i.e., complete, vacuum-saturation of samples with distilled water) samples
(Figure 3.7). P wave velocities were measured along the long axis of the cylindrical samples
which were later used for the strength tests. The unconfined compressive strength (UCS)
experiments (i.e., 01>02=03; 02=03=0) as well as the indirect tensile strength (ITS)
experiments of this study were performed at the Technische Universitat Miinchen, on all
sample types under a constant strain rate of 3.3 x 10* s* and a constant deformation rate of
0.03 kNs' respectively. Axial strain and stress were continuously monitored during
deformation, by displacement transducers and by a load cell, until failure. Samples for UCS
tests were cored with a diameter of 25 mm and with their end-faces ground flat and parallel
to a nominal length of 50 mm (length-diameter-ratio of 2:1). For the ITS tests the same
sample preparation was applied however the nominal length was shortened to 25 mm
ensuring a length-diameter-ratio of 1:1. The load applied to the standing sample disc,
perpendicular to the coring orientation was transmitted by a hardwood fiber stripe above
and below the sample along the entire sample length.
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Figure 3.7: Schematic diagram of the experimental arrangement used to determine (A) benchtop elastic wave
velocity (Vp), (B) uniaxial compressive strength (UCS), and (C) indirect tensile strength (ITS) (modified after
Heap et al., 2014).

3.4.4 Fragmentation experiments

Use of a shock-tube apparatus (Aldibirov and Dingwell, 1996a, b; Martel et al., 2000;
Spieler et al., 2003; 2004 Kueppers et al., 2006; Scheu et al., 2006, 2008; Mueller et al., 2005,
2008; Richard et al., 2013; Rager et al., 2013; Mayer et al., 2015) yielded the determination
the fragmentation threshold, as well as the fragmentation- and particle ejection-speeds of all
samples. The experimental procedures and details are described in Mayer et al. (2015) and
references therein. In its present configuration this device permits the accurate control of
temperature, gas overpressure and decompression rate in order to best represent variable
volcanic and hydrothermal conditions (Mayer et al., 2015). The stainless steel low-pressure
tank (I = 3.0 m; d = 0.4 m) at ambient pressure and temperature to collect the experimentally
generated pyroclasts, is located above a high-temperature steel autoclave, in which the
sample is mounted (Figure 3.8A). First, fragmentation threshold experiments on dry samples
at room temperature, determined by rapid decompression of argon gas, were performed on
all samples series. A further series of experiments was conducted in order to determine the
fragmentation speed, as well as the ejection speed of the gas-particle mixture front in the
presence of steam expansion (phreatic experiments) at a target temperature of 260°C and
hence a dwell pressure of 4 MPa. These conditions are close to those indicated by gas
geoindicators (Chiodini et al., 2011) and also in the range of conditions independently
simulated by a physical numerical approach (Todesco et al., 2003) for the single-phase gas
zone in the shallow part of the hydrothermal system. Water vapor is the main component of
the degassing fluids at Solfatara and Pisciarelli (Caliro et al., 2007).

An additional series of control experiments, in which fragmentation and ejection
speed was initiated solely by argon gas expansion (at identical pressure and temperature
conditions), was performed. The PVT properties of argon gas are very similar to those of CO,,
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which is the second largest contributor to the fumarolic gases. For the latter experiments,
the dry samples were inserted in the autoclave (I = 450 mm; d = 25 mm) and initially
pressurized to about 2 MPa before the target temperature of 260°C was reached after a
heating time of 45 minutes. The remaining pressurization required for a dwell pressure of
4 MPa was applied during the last stage of heating. These final conditions were maintained
for a dwell time of 10 minutes to ensure temperature- and pressure-equilibration over the
entire sample before triggering the fragmentation. For the experiments at 'phreatic
conditions’ the samples were saturated with a calculated amount of distilled water, which led
to a pressurization of the system during the vaporization. This enabled to obtain the targeted
overpressure solely by the expansion of liquid water to steam within the connected pore
space and adjacent volume within the autoclave above the sample (Figure 3.8A) based on
the PVT properties of water.
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Figure 3.8: Schematic drawing (A) of the experimental setup as well as temperature and pressure condition (B)
during the phreatic fragmentation experiments.

Temperature and pressure within the system rose along the boiling curve of water
(Figure 3.8B) until targeted dwell conditions of 4 MPa at 260 °C were reached after a heating
time of 60 minutes. Before triggering the fragmentation an equilibration time of 10 minutes
was occupied. Throughout all experiments, pressure and temperature in the system were
monitored at rates of 1000 Hz and 2 Hz, respectively. For this a sensor pair consisting of a
dynamic pressure sensor and a thermocouple was located at the bottom of the sample,
whereas a second pair sits at the upper end of the autoclave, 225 mm above the sample
(Figure 3.8A). The low-pressure tank and the autoclave are separated by a set of two
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diaphragms that allow triggering of decompression by a controlled failure of the uppermost
diaphragm (Mayer et al., 2015). The decompressing, expanding fluid fragments the sample
brittlely in a layer-by-layer fashion (Aldibirov and Dingwell, 2000; Fowler et al., 2010) and the
particles are ejected into and stored in the collector tank (Mayer et al., 2015). Evaluation of
the travel time of the rarefaction wave from the upper pressure sensor to the top of the
sample and analyzing the pressure decay monitored by the dynamic pressure transducers,
provided a quantification of the fragmentation speed, according to the procedures
developed by Scheu et al. (2006). For each experiment the ejection of the gas-particle
mixture was recorded by a high-speed camera (Phantom V710°, Vision Research) at 10.000
frames per second through a transparent plexiglass at an area (h =21.0cm, w=12.5cm) at
the base of the collector tank, just above the diaphragms (Figure 3.8A). The fragmentation
setup was equipped with LED lights, facing towards the high-speed camera, in order to
facilitate the tracking of very fine particles ejected within the gas-steam-particle mixture.
Analysis of the footage by tracking of fragmented particles allowed measurements of their
ejection velocities.

3.4.5 Analysis of experimentally generated pyroclasts

In order to investigate the experimentally-generated pyroclasts, all particles of each
experiment were collected from the low-pressure tank. Particle size distribution (PSD)
analyses of the fragments were carried out by dry-sieving of coarse particles (263 um). Based
on PSD data the geometric mean particle size for each sample series was calculated (Folk
and Ward, 1957). Laser refraction techniques, using a Coulter LS230 (measuring range
0.375-2000 um, wave length 750 um) were applied for the PSD analysis of the fine fraction
(<63 um). Further, the size range and composition of fine particles (<63 um) from selected
samples was investigated by scanning electron microscope equipped with an energy-
dispersive system (SEM-EDS) at the LMU using a Bruker AXS DSM 960 A. Additional WD-XRF
analysis allowed to quantify the mineralogical composition of the fine fraction (<63 um),
generated during phreatic experiments.

3.5 Results

3.5.1 Mineralogical composition of hydrothermally altered samples

The investigated rocks subjected to intense surficial solfataric alteration consists
mainly of i) amorphous silica and ii) alunite. In addition, the Solfatara (S) samples S1 and S2
contain remnants of pristine sanidines. Amorphous silica occurs as pseudomorphs after
primary minerals or mineral fragments such as amphibole, pyroxene and feldspar
(30-500 um) indicated by euhedral crystal habits and preserved growth zonations
(Figures 3.9A-D) and as silicified accretionary lapilli (100—600 um) (Figures 3.9E—F).
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Figure 3.9: Photomicrographs, of investigated samples. (A) Photomicrograph (Il pol) of a euhedral crystal with
primary growth zonations (most possibly sanidine) marked by fluid inclusions. (B) Photomicrograph (y+X pol) of
the same position as Figure 6A reveals that alunite occurs as fine rims surrounding the pseudomorph (single
arrow) and enclosed within the replaced primary mineral (double arrow). (C) Photomicrograph (Il pol) of a
euhedral crystal with primary growth zonations (most possibly sanidine) and surrounded by a fine-grained
matrix. (D) Photomicrograph (y+X pol) of the same position as Figure 6C reveals that the primary mineral and
most of the fine-grained matrix was replaced by amorphous silica. (Note that some alunite crystals are
enclosed within the amorphous silica as well as in the fine-grained matrix) Sample S2 contains a higher amount
of alunite compared to S1. Amorphous silica fragments (F) are also occurring. (E) Photomicrograph (Il pol) of an
accretionary lapilli surrounded by a fine-grained matrix consisting of fragments, fluid inclusions and dark
granules. (F) Photomicrograph (y+X pol) of the same position as Figure 6E reveals that most of the accretionary
lapilli as well as the surrounding matrix consists of amorphous silica and alunite.
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EPMA-EDS analysis reveals that locally core zones of crystals are not yet completely
replaced by amorphous silica (Figure 3.10A). XRD whole rock analysis indicates opal-A as the
main amorphous silica phase (Figure 3.10B) (Rodgers et al., 2004; Lynne et al., 2005) whereas
volcanic glass may also occur, however probably only as minor amount. XRD difractorams of
all samples can be found in Appendix B. Alunite (5—10 um) occurs as i) replacement of matrix
(Figures 3.9D, F), ii) alteration rims around silica pseudomorphs, and around silicified
accretionary lapilli (Figures 3.9B, F), iii) single crystals enclosed within these pseudomorphs
and silicified accretionary lapilli (Figures 3.9D, F) but also along fractures of primary minerals
replacing sanidine (Figure 3.10C). XRD and WD-XRF analysis suggest that the alteration
affecting the block of samples S1 and S2 led to the formation of amorphous silica and a
substantial amount of alunite (increasing from S1 to S2) whereas leaching occurred as the
dominant process for S3 resulting in only minor amounts of alunite. Pisciarelli (P) samples
showed a more homogenous mineralogy caused by the alteration effects, which resulted in
both leaching and alunite formation. WD-XRF analysis supports a slightly higher amount of
alunite in P2 compared to P1 and P3. The CIA, based on the WD-XRF analysis (Table 3.1),
nevertheless increases from S1 (67.8) to S2 (74.4) and S3 (79.8) and from P1 (73.7) to P2
(75.8) and P3 (77.8) respectively.
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Figure 3.10: BSE image, X-ray diffractogram and photomicrographs of samples. (A) BSE image of a subhedral
clinopyroxene (Cpx) crystal almost entirely replaced by amorphous silica (am. Si.). Remnants of Cpx are
indicated by dashed lines. (B) Bulk rock X-ray diffractogram showing that the sample S3 consists mainly of
amorphous silica, minor alunite (Al) and very minor quartz (Qz). (C) Photomicrograph (X pol) reveals sanidine
twinning features and the replacement of sanidine by alunite. (D) Photomicrograph (Il pol) of a sub-rounded
fragment consisting of mineral fragments in a fine-grained matrix surrounded by a thin rim of alunite.
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Table 3.1: Bulk geochemical analysis of investigated samples showing the major element composition and the
degree of alteration (CIA).

Sam_Ple SiO, Al,0; Fe,0; MgO CaO Na,O K,0 TiO, P,0; SO; LOI-SO; Sum CIA
T 0 0 0 8 (R (R (A (8 (0 (8 (%)
S1 46,5 186 24 01 01 0.2 85 06 03 155 7.4 100.1 67.8
S2 524 124 15 01 01 01 41 0.7 0.2 214 7.2 100.2 74.4
S3 883 18 02 01 01 01 03 11 0.0 31 4.6 99.6 79.8
P1 470 178 09 01 01 04 59 0.7 03 186 8.9 100.6 73.7
P2 413 197 0.2 00 01 03 59 06 02 201 122 100.7 75.8
P3 528 162 13 0.1 01 05 40 06 0.2 180 6.5 100.3 77.8

3.5.2 Bulk density, connected porosity and gas permeability

Figure 3.11 illustrates the relation of the CIA and the rock physical properties
obtained for dry samples at room temperature. The density decreases with increasing
degree of alteration from 2.44 to 2.21 g/cm3 and from 2.45 to 2.36 g/cm3 for S and P
samples, respectively (Figure 3.11A). By contrast, connected porosity (Figure 3.11B) and gas
permeability (Figure 3.11C) increase from 26.6 to 61.3 % and from 4.4 x 1017 t0 2.8 x 104 m?
for S samples as well as from 34.9 to 48.5 % and 2.2 x 10'® to 1.8 x 10> m? for P samples,

respectively (Table 3.2).
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Figure 3.11: Density (A), connected porosity (B) and gas permeability (C) in relation to the CIA of dry samples
from Solfatara (circles) and Pisciarelli (squares). (Note: Figure 3.11C displays mean gas permeability values
obtained by Tiny Permlll and benchtop lab permeameter, measured in the field and in the lab at the EOST,
respectively.)
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Table 3.2: Average rock physical properties.

Sample Matrix Bulk Connected Gas
series  density density porosity permeability

(8/cm’)  (g/cm’) (%) (m”)
s1 2.4 1.8 26.6 4.4x10"
s2 2.4 1.5 38.4 4.5x10™
s3 2.2 0.9 61.3 2.8x10™
P1 2.5 1.6 35.0 22x10"°
P2 2.4 1.5 40.0 2.9x10™°
P3 2.4 1.3 48.5 1.8x10 "

3.5.3 Elastic wave velocity, UCS and ITS

The relationship between rock mechanical properties and the connected porosity is
shown in Figure 3.12 and summarized in Table 3.3. P-wave velocities of dry and water
saturated samples decrease with increasing connected porosity from 2.5 to 0.6 km/s and
4.0 to 0.8 km/s (Figure 3.12A). As a further consequence, the UCS (Figure 3.12B) as well as
the ITS (Figure 3.12C) of dry samples decreases from 34.8 to 5.5 MPa and from 4.4 to
0.6 MPa. Water-saturated samples exhibit both lower UCS and ITS values ranging between
33.5-4.0 MPa and between 3.7-0.5 MPa, respectively.
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Figure 3.12: Ultrasonic P wave velocity (A), UCS (B) and ITS (C) as a function of the connected porosity of
studied samples from Solfatara (circles) and Pisciarelli (squares). Generally the displayed rock mechanical

properties decrease with increasing porosity.
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3.5.4 Fragmentation threshold, speed and ejection speed

Experiments to determine the fragmentation threshold have been repeated three
times in order to account for sample heterogeneities. Investigated samples fully fragment
during decompression at initial pressures ranging from 4.2-2.0 MPa (Figure 3.13; Table 3.4).
The results follow the trend defined in previous studies (e.g. Mayer et al., 2015, and
references therein) and plot slightly below the fragmentation criterion of Koyaguchi et al.
(2008) derived from experiments with pristine volcanic rocks.

40 {, Altered Solfatara samples, 20°C (this study)

1i Altered Pisciarelli samples, 20°C (this study)
E 35 ] E’ N Neapolitan Yellow tuff, 20°C
s | (Montanaro et al., in prep.}
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EJ "1 (Mayer et al., 2015)
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Figure 3.13: Fragmentation threshold of investigated samples at 20°C during rapid decompression
experiments. Fragmentation threshold for several rocks obtained in other studies are also compiled. The
dashed line corresponds to the fragmentation criterion proposed by Koyaguchi et al. (2008). Samples with a
higher porosity fragment at a lower initial pore pressure. Altered samples of this study confirm the criterion
plotting slightly below the dashed lines.

Table 3.3:Averaged rock porosities and mechanical properties.

Sample  Connected Vp Vp ucs ucs ITS ITS
series porosity dry saturated dry saturated dry saturated
(mean) (mean) (mean) (mean) (mean) (mean) (mean)
(%) (km/s) (km/s) (MPa) (MPa) (MPa) (MPa)
S1 26.6 2.5 4.0 34.8 335 4.4 3.7
S2 38.4 2.0 3.4 20.3 16.8 2.0 2.0
S3 61.3 0.6 0.8 5.5 4.5 0.7 0.5
P1 35.0 1.9 2.5 17.0 10.2 2.1 1.6
P2 40.0 1.4 2.1 11.3 9.7 1.4 1.0
P3 48.5 0.9 1.6 6.3 4.0 0.6 0.6
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Fragmentation and ejection speed of particles front in the presence of dry argon gas
and stream expansion at 260 °C and at an initial pressure of 4 MPa are summarized in
Table 3.4 and displayed in Figure 3.14. Both values were obtained in a single experiment that
was again repeated three times to account for sample heterogeneities. The fragmentation
velocities (Figure 3.14A) obtained in the phreatic experiments generally rise with increasing
porosity and range between 15.2-45.0 m/s (S) as well as between 26.2-34.9m/s (P).
Fragmentation speeds resulting from pure argon gas expansion (control experiments) follow
a similar trend but exhibit lower speeds ranging between 10.6-34.9 m/s (S) and 16.4—
27.2 m/s (P). The ejection speed of the particle front obtained by high-speed video analysis
reveals a similar dependence (Figure 3.14B). Particle ejection velocities in the presence of
steam expansion (phreatic experiments) ranging from 74.5-174.3 m/s (S) and 111.0-
139.1 m/s (P) are higher than those attained in the control experiments, extending from
52.9-158.9 m/s (S) and 91.4-121.8 m/s (P).
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Figure 3.14: Fragmentation and ejection speed of particle front obtained by rapid decompression experiments
at 260 °C and 4 MPa initial pressure. (A) Fragmentation speeds within sample series (S, P), increase with
porosity and in the presence of steam expansion. (B) Ejection speed of the particle front in the presence of
argon gas and steam expansion. The ejection speed values correspond to the average of the velocities of
several particles (25) traveling at the front of the gas-particle mixture. The velocity of ejected particles
increases with porosity and in the presence of steam expansion. (Note: Plotted values represent the average of
three experiments; error bars indicate the range of porosity and of obtained speeds).
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Table 3.4: Averaged values from results obtained in fragmentation experiments.

Sample Connected  Frag. Frag.speed Frag.speed Eject.speed Eject. speed
series porosity threshold Steamexp. Argongas Steamexp. Argon gas

(mean) (mean) (mean) exp. (mean) exp.

(%) (MPa) (m/s) (m/s) (m/s) (m/s)

S1 26.6 4.2 15.2 10.6 74.5 52.9
S2 38.4 3.7 24.1 15.3 115.8 96.3
S3 61.3 2.0 45.0 34.9 174.3 158.9
P1 35.0 3.7 26.2 16.4 111.0 91.4
P2 40.0 2.7 30.6 24.4 123.2 104.2
P3 48.5 2.2 349 27.2 139.1 121.8

3.5.5 Size and compositional analysis of fragments

Particles generated during fragmentation have been recollected and the PSD of the
coarse (263 um) and fine (<63 um) fraction was determined. Figure 3.15 shows the
cumulative curve of the weight fractions for phreatic (Figure 3.15A, B) and control
experiments (Figure 3.15C, D), in which every individual line represents the entirety of
particles collected from three experiments. The geometric mean particle size (Folk and
Ward, 1957) of S fragments decreases in the phreatic experiments from S1 (2412 um) to
S2 (2217 pum) and S3 (1696 um) and is smaller than the mean particle size generated in the
control experiments, which decrease from S1 (3948 um) to S2 (2985 um) and S3 (2301 um).
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Figure 3.15: Cumulative particle size distribution (PSD) plots showing the weight fractions of particles after
rapid decompression experiments. (A, B) Fragmentation of Solfatara and Pisciarelli samples due to steam
expansion (phreatic experiments) and in the presence of argon gas expansion (C, D). The particle size is
decreasing to the right in all plots, showing a particle-size reduction with increasing porosity for the phreatic
experiments and for the control experiment with Solfatara samples. PSD obtained in control experiments with
Pisciarelli sample revealed a different trend with intermediate porous sample S2 showing the coarsest PSD.
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PSD of P samples after the phreatic experiments shows P1 containing a higher
amount of fines and smaller amount of coarse particles when compared to P2. The mean
particle diameter of P1 (564 um) is slightly higher than P2 (550 um). P3 differs significantly
with a mean particle diameter of 208 um and a PSD shifted towards a high amount of fines.
The size analysis of P samples after the control experiments shows bigger mean particle sizes
than in the phreatic experiments, but a PSD and mean particle size decreasing from P2
(1891 um) to P1 (1027 um) and P3 (703 um). Figure 3.16A displays the proportion (in wt. %)
of fine particles (<63 um) in the control experiments in comparison to those generated in
the phreatic experiments. Results show only minor amounts (0.3-0.5 %) of fines for S
samples in control experiments and slightly increased amounts (0.5-0.9 %) in the phreatic
experiments. In contrast P samples fragmented during argon gas expansion produced
1.1-2.3 % of fines, whereas steam expansion led to an increased amount 2.1-7.4 %. The
amount of fine material generated in fragmentation experiments on P samples was sufficient
for quantitative chemical analysis. Figure 3.16B shows a decreasing proportion of
amorphous silica from the bulk sample to that containing in the fine fraction of control and
phreatic experiments for all P sample series. XRF analysis revealed a minimum amorphous
silica content in the bulk sample of 41 % and a maximum reduction of 8 % for P2.
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Figure 3.16: (A) Proportion of fine particles (<63 um) generated in control and phreatic experiments in wt. %.
Generation of fines increases with increasing porosity and degree of alteration in control experiments for both
P and S samples. In phreatic experiments the proportion of fines also generally increases with porosity and is
higher than in control experiments. Results revealed a significant increase of fines in phreatic experiments with
P samples. (B) Amount of amorphous silica in bulk sample and fine fraction generated in control and phreatic
experiments with P samples. A clear decrease in the amount of amorphous silica is shown related to an
enrichment of alunite in the fine fraction. P2 contains the smallest amount of amorphous silica and as a
consequence highest amount of alunite within the fraction of particles <63 pm.

Additional insight in the size and compositional characteristics of the fine fraction is
gained by SEM-EDS and PSD analysis via laser refraction technique (Figure 3.17). The amount
of alunite (partially precipitated on amorphous silica clasts) increases from S1 to S2 and P1
to P2, respectively. Alunite crystal sizes in the fine fraction range between few microns
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whereas amorphous silica clasts show diameters up to 100 microns. The particles generated
during the fragmentation experiments are mainly agglomerates of both phases and more or
less individual alunite crystals. Alunite, identified by euhedral crystal shape and SEM-EDS
analysis clearly dominates the fraction of very fines (<10 um). The cumulative PSD plots
(Figure 3.17A) show the weight proportion of fines on the total amount of particles. S1 and
S2 contain a higher amount of very fines compared to S3 whereas P samples show a gradual
trend towards more very fines from P1 to P3 and P2. SEM images of P1, P2 and S2 samples
are characterized by amorphous silica particles with different amount of alunite crystal
growth on the surface (Figure 3.17B). In contrast S3 shows only minor amounts of alunite,
but instead typical ‘'vuggy silica’ features of the particles.
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Figure 3.17: (A) Cumulative PSD plots showing the amount of fine particles (<63 um; separated by dry sieving)
generated during phreatic experiments on samples with an initial volume of 29.4 cm3. P samples produce a
significant higher amount of very fines, attributing to the 'thoracic' (<10 um) and respirable (<4 um) fraction,
than S samples. S3 containing the lowest proportion of alunite, produced the lowest amount of very fines.
(B) SEM images of selected S and P particles showing small euhedral alunite crystals on large grains and
fragments replaced by amorphous silica. Chemical composition of individual particles was measured by SEM-
EDX analysis. SEM images reveal different amount of alunite on amorphous silica surface. S3 particles show
porous 'vuggy silica' alteration features on particles surface and only a minor amount of euhedral alunite
crystals.
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3.6 Discussion

According to the above, surficial solfataric alteration has significant effects on the
mineralogy of rocks and led to a degradation of their physical properties - a trend confirmed
by an increasing CIA. The increase in porosity due to acidic leaching in combination with the
replacement of pristine mineralogy by alunite has a first order control on the mechanical
properties, on the fragmentation behavior of investigated rock samples and on the
production of fines during fragmentation initiated in rapid decompression experiments.

3.6.1 Geochemical, rock physical and mechanical properties

The mineralogy determined in this study derives from a complex interaction of
alunite and amorphous silica formation. It is most likely generated by the repetition of
alteration processes with spatial and temporal variability depending on temperature, pH and
fluid composition (Zimbelman et al., 2005). A dominant process can hardly be identified as
alunite is enclosed in amorphous silica and vice versa. Acidic leaching of the rocks caused the
decrease and almost entire removal of mobile elements (Ca, Na, Mg) and led to relatively
high amounts of residual silica. However, the formation of alunite has prevented the
removal of aluminum and potassium (Table 3.1). The CIA values obtained for the
investigated rocks confirm the alteration trend found by geochemical analysis including
optical microscopy and also correlate well with those determined by Pola et al. (2012) for
altered pyroclastic rocks. The mineralogy of surficial encrustations and efflorescences on
rocks from Solfatara and Pisciarelli determined by Piochi et al. (2015) differ from the results
of this study. Within the internal rock structure, leaching and thus formation of amorphous
silica is one of the main processes. This appears not to be evident at the rock surface. The
formation of native sulfur and other sulfates (e.g. alunogen, pickingerite, potassium alum;
Piochi et al.,, 2015) seems to occur solely on the rock surfaces. Fulignati et al. (1998)
suggested supergene origin of sulfates (e.g. gypsum) due to the circulation of surface
rainwater fluids in their study investigating hydrothermal alteration at Vulcano (Aeolian
Islands, ltaly). Although these two studies did not focus on effects of alteration on rock
physical properties, their results nevertheless highlight the high variability in alteration
minerals on a small scale. The alteration processes observed in this study causes a general
decrease in sample density, an increase in connected porosity and as a consequence a higher
gas permeability of the investigated rocks. Hence these effects lead to lower elastic wave
velocities as well as lower uniaxial compressive and indirect tensile strengths (Figure 3.12).
The obtained results are in agreement with the mechanical properties of altered pyroclastic
rocks investigated by Pola et al. (2013). The samples mainly consist of silicified components
within a matrix replaced by abundant alunite crystals with sizes of few microns in sizes
(Figure 3.9-3.10). This hydrolytic alteration causing the dissolution of silicate minerals leads
to a decrease in bulk rock density by removal of cations and silica in solution, destroying the
primary rock fabric (Vikre and Henry, 2011).
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Density reduction and alteration in combination with the development of the
resulting fine-grained microstructure imparts weak bonding forces to the rock, exhibited by
low values of P wave velocity, tensile and compressive strength. Water saturation of samples
increases the ultrasonic wave velocities (as P wave velocity is higher in water than in air)
(Heap et al., 2014) and additionally decreases the strength values due the weakening effect
of water (Baud et al., 2000). Our results therefore confirm the findings of previous studies on
different hydrothermally altered volcanic rocks (Arikan et al.,, 2007; Del Potro and
Hirlimann, 2009; Pola et al., 2012).

3.6.2 Fragmentation behavior

The fragmentation threshold of investigated samples decreases with increasing
degree of alteration as a consequence of the increased porosity. Alteration and the fine-
grained microstructure cause a weaker cementation of samples when compared to
unaltered tuffs (e.g. NYT, Montanaro et al., in prep). This leads to fragmentation below the
threshold defined by Koyaguchi et al. (2008). These results are in agreement with the
fragmentation threshold of hydrothermally-altered ash tuffs (Mayer et al., 2015), which also
plot slightly below the fragmentation criterion (Figure 3.13). Rock physical and mechanical
properties as well as the initial overpressure and the type of fluid within the pores have a
first order control on the fragmentation and ejection speed of the sample (Mayer et al.,
2015, and references therein). The analysis of fragmentation experiments reveals that
fragmentation and ejection speed generally increase with increasing porosity. The amount of
pressurized fluid stored within the sample and causing the fragmentation and ejection of
particles during rapid decompression is controlled by the connected porosity (Scheu et al.,
2006; Mayer et al., 2015). Further, steam expansion leads to slightly higher fragmentation
and ejection speed than expansion of argon gas. This highlights the influence of the fluid
type and especially the expansion coefficient on the processes. Water vapor at 4 MPa and
260 °C has a 1.2-fold larger volume increase during the isothermal expansion to ambient
pressure compared with pure argon gas expansion. As a result, the fragmentation and
ejection speeds are somewhat higher in the phreatic experiments as the processes involved
are more energetic (Wohletz, 1983). Our results are in agreement with previous studies
determining the fragmentation speed of pristine samples at an initial argon gas overpressure
of 4 MPa (Spieler et al., 2004; Richard et al., 2013). In those studies, samples with a
connected porosity of 48.0 % and 59.8 % fragmented at 14 and 22 m/s, respectively, lower
than the fragmentation speeds of heavily altered samples of this study with similar
porosities (P3, S3). This indicates a weaker strength of altered samples resulting in a faster
fragmentation when compared to unaltered samples.

Under constant initial conditions, the ejection velocity of the gas-particle mixture
increases with increasing porosity but also with increasing fragmentation velocity. In
addition, the ejection speed is higher than the fragmentation velocity. These results confirm
the findings of previous studies (Alatorre-lbargiliengoitia et al., 2011; Mayer et al., 2015). As
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the alteration lowers the strength of the rock, a lower amount of energy is consumed by
fragmentation and, as a consequence, more energy is available for acceleration and ejection
of the fragments — resulting in a higher ejection speed.

Further, the degree of alteration showed an influence on the particle size distribution
of experimentally generated pyroclasts — this effect is mainly due to the increase in porosity.
Samples with higher porosities contain a higher gas volume resulting in higher fragmentation
energy (Kueppers et al., 2006). Therefore, our results indicate that the fragmentation of
altered samples generally leads to a decreased mean fragment diameter and produces an
increased amount of fine particles. Such high proportions of fine (<10 um) and very fine
(<4 um) particles, which lie in the 'thoracic’ and respirable fraction, constitute a severe
hazard due to the potential for causing acute and chronic respiratory diseases (Horwell and
Baxter, 2006; Horwell, 2007). PSD analysis further revealed however that the production of
fines is not only controlled by porosity. The samples investigated exhibit different
productions of fines depending on the type of fluid (steam vs. argon gas) causing the
fragmentation. The complex microstructure (distribution of alunite within the sample, size of
amorphous silica particles) of these heavily altered, fine-grained surge deposits seems to
have a control on the fragmentation process. The phreatic experiments with P samples in
particular generated abundant fines (Figure 3.16A). WD-XRF analysis revealed that the
fraction <63 um experienced a decrease in silica (Figure 3.16B) resulting in an increased
amount of alunite. These findings are in good agreement with the PSD (<63 um) obtained by
laser refraction analysis and with SEM-EDS analysis. Smallest particles generally
characterized by a rhombohedral morphology are predominantly alunites. They appear as
small clusters precipitated on the surface of amorphous silica clasts (Figure 3.17B). Very few
amorphous silica particles of P samples contain surfaces that are 'alunite-free’ consistent
with the proposal that fragmentation within the samples initiates at the contact between
alunites. A higher fraction of alunite and a more homogeneous distribution amongst the
amorphous silica particles would thereby favor a higher fraction of finer fragments. In
particular, the interaction of steam and a homogenous alunite distribution appears to
enhance very efficient fragmentation.

3.7 Summary and conclusions

The effects of surficial solfataric alteration on mineralogy, rock physical and
mechanical properties and as a consequence on the fragmentation and ejection behavior of
samples from the hydrothermally active sites of Solfatara and Pisciarelli have been
investigated. The PSD and composition of selected fine-grained pyroclastic fractions was also
analyzed. Rapid decompression experiments were designed to compare phreatic conditions
(steam expansion) with dry argon gas expansion at initial conditions of 260 °C and 4 MPa in
order to evaluate the influence of different fluids. For quantification of sample’s degree of
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alteration a chemical index (CIA) was applied and compared to the experimentally obtained
properties. The main observations and conclusions are:

(1) Alteration by sulfuric acid causes leaching of the rocks and thereby the formation of
amorphous silica (mainly opal-A) as well as the formation of alunite as a replacement
of crystals and groundmass;

(2) The investigated rocks do not contain any clay minerals due to the high acidity of the
fluids involved;

(3) The alteration weakens the rocks, increases porosity and permeability and leads to a
lower fragmentation threshold;

(4) Fragmentation and ejection speed of samples increase with increasing porosity and
with a higher degree of alteration respectively. Both velocities are slightly enhanced
in the presence of steam expansion;

(5) The microstructure of the samples has an influence on the rock mechanical
properties, on the fragmentation behavior and on the production of fine particles;

(6) Fragmentation of fine-grained ash fall deposits (P samples) affected by solfataric
alteration produces a significant amount of fines containing a considerable proportion
of very fines (<10 um);

(7) Due to their potential to instigate chronic diseases, dispersion of such material would
represent a serious health hazard on a local scale.

In summary our results have shown that solfataric alteration in the upper regions of
hydrothermal systems is increasing the permeability of surficial rocks. A conceptual model
for the formation of near surface high-sulfidation alteration is illustrated in Figure 3.18.
Depending on pH, fluid temperature and composition, a sequence of different zones
develops with increasing distance to the main fumarolic conduits. The most acidic core is
characterized by a halo of amorphous silica, the residual phase after the mobilization of all
other elements. The depletion in Al,O3 within this silicic alteration zone is significant for
conditions with pH <2 (Stoffregen, 1987). Laterally the progressive neutralization of fluids by
reaction with the rocks, generates a domain with pH >2. This in turn results in much less
depletion due to the immobility of aluminum and thereby the formation of alunite (Fulignati
et al., 1998). A further neutralization of the fluids favors the formation of kaolinite at lower
acidity (4 < pH < 6) in an intermediate argillic alteration regime (Boyce et al., 2007). Rock
permeability as well as the degree of alteration increases towards the center of the
hydrothermal activity, in agreement with the study by Piochi et al. (2015). As a consequence,
this should reduce the risk of pressurization within the shallow subsurface. Alteration at
greater depth (Mormone et al., 2014) and its effect on the permeability by argillic alteration
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and by vein and pore filling precipitation might be a process of higher importance
concerning volcanic unrest. But still the risk of surficial phreatic events can’t be excluded.
Pressurization can also be caused by an increased fluid supply deriving from the
hydrothermal system, which could in turn exceed the outgassing capacities and result in a
phreatic eruption.

Our study investigated the processes of such an event and highlights the effects on
the rocks present at the main hydrothermal sites of Campi Flegrei. Further, rocks dominated
by secondary precipitated alunite and amorphous silica produce an increased fraction of
very fine particles during fragmentation. Ash particles in this size range and especially those
possessing silica- and alumina-rich compositions constitute a high potential for respiratory
diseases and their dispersion would represent a serious health hazard on a local scale. The
mineralogy of host rocks should therefore be considered for modelling of eruptions in
hydrothermally active sites and taken into account for hazard assessment.
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Figure 3.18: Conceptual model for the formation of near surface high-sulfidation alteration (modified after
Robb et al., 2005). pH, fluid temperature and composition control the development of alteration zones with
increasing distance to the main fumarolic conduit. A highly permeable, acidic core characterized by amorphous
silica is laterally replaced by a zone of alunite and amorphous silica. Successive neutralization of the fluids
promotes the formation of kaolinite. Rock permeability as well as the degree of alteration increase towards the
center of the hydrothermal activity.
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4 Phreatic activity and hydrothermal alteration in the Valley of

Desolation, Dominica

Figure 4.1: Steaming vents in the Valley of Desolation, Dominica (Lesser Antilles).
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4.1 Introduction

Dominica has one of the worldwide highest concentrations of potentially active
volcanoes, which are related to nine distinct volcanic centers on the island (Lindsay et al.,
2003). In addition to this activity, abundant geothermal phenomena are observed at the
surface, especially in the southern part of the Island. The Valley of Desolation/Boiling Lake
area is one of the most vigorous ones, hosting hot springs, mud pools, fumaroles, steam
vents and the second largest boiling lake in the world (Di Napoli et al., 2014). These very
touristic sites, formed as a result of phreatic and/or phreatomagmatic eruptions, are
textbook examples for past and present phreatic activities on various scales. Based on the
Volcanic Hazard Atlas of the Lesser Antilles (Lindsay et al., 2005), a phreatic eruption from
one of these sites is considered as the most likely scenario for future volcanic activity on
Dominica. The hazards associated with such non-juvenile eruptions are the explosion and
ejection of fluids with significant quantities of mud and rocks (Montanaro et al., 2016).

Only little information is available on the Valley of Desolation, in particular its
hydrothermal activity, (Herlihy, et al., 2005; Smith et al., 2013) historic phreatic events
(Nicholls, 1880; Watt, 1880; Nicholls and Watt, 1880; Sapper, 1903; James, 1997;
Komorowski and Hammouya, 1998; Lindsay et al., 2005) or surficial alteration processes. Past
studies focused indeed on the geology of the island and described some details in the
framework of volcanic hazard assessment (Lindsay et al., 2005). Joseph et al. (2011)
investigated the geochemistry of the main geothermal areas, including the Valley of
Desolation. Further studies have been conducted on the Boiling Lake (Fournier et al., 2009;
Di Napoli et al., 2013), one of Dominica’s most popular tourist attractions, which was
showing episodic drainage events in the past.

Despite the abundance of surficial hydrothermal phenomena within the Valley of
Desolation (Joseph et al., 2011), no detailed descriptions or maps do exist. Phreatic eruptions
have occurred in historic times (1863, 1880, 1997), but little estimates on the processes
leading to them, have been suggested. Hydrothermal alteration of the host rock or of the
ejecta generated by the abovementioned historic eruptions, is scarcely described (Lindsay et
al., 2005, and references therein; James, 1997). Soil properties affected by weathering
processes across the island have been investigated (Rouse et al., 1986; Rao, 1996). Yet, a
detailed description of both supergene and hydrothermal alteration within the Valley of
Desolation, and their influence on outgassing is still lacking.

Here, results from two field campaigns including mapping, in situ measurements and
sampling of weathered and hydrothermally altered rocks from the Valley of Desolation are
presented. Furthermore laboratory investigations on rock samples were carried out. In
particular, the effects of hydrothermal alteration on rock composition as well as on rock
physical and mechanical properties (including in situ permeability), have been studied.
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Additionally, rapid decompression experiments allowed to investigate the ejection behavior
of hydrothermally altered, unconsolidated material collected from the vicinity of the last
phreatic eruption (1997).

4.2 Geological setting

The Valley of Desolation is situated within the Morne Trois Piton National Park in the
south-central part of Dominica (Lesser Antilles) (Figure 4.2A). The island of Dominica, with an
area of 750 km? and a rugged topography, consists almost entirely of volcanic rocks and their
weathering products, which are mostly covered by dense vegetation (Lindsay et al., 2005).
The oldest rocks of the relatively young island have been dated to Miocene times (7 Ma;
Demange et al., 1985). About 1.6 Ma ago, volcanic activity migrated from the northern to the
southern half of the island. Based on seismic activity, Morne Diablotin and Morne aux
Diables (located in the North) show still a potential activity (Joseph et al., 2011).
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Figure 4.2: (A) Simplified geographical map of the Lesser Antilles showing the location of Dominica (modified
after Joseph et al.,, 2011). (B) Simplified geological map of Dominica (modified from Roobol and Smith, 2005).

Since the late Pleistocene seven major andesitic-dacitic volcanic centers, most of
them associated with a geothermal systems, have been active in the South of Dominica
(Lindsay et al., 2003). Most of them erupted within the last 10 ka (Lindsay et al., 2005; Joseph
et al., 2011). Regarding the erupted volume of magma within the last 100 ka, Dominica was
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with ~40 km3 the most productive of all volcanic islands in the Lesser Antilles (Wadge, 1984;
Di Napoli et al., 2013). The mainly andesitic-dacitic lithology of Dominica comprises Pelean
domes and ignimbrites as well as block and ash flows and assorted volcanic rocks (Lindsay et
al., 2005; Robool and Smith, 2005) (Figure 4.2B). Due to the tropical climate with a high
mean rainfall (3000 mm) and the distinct topography (slopes frequently exceeding 40°), the
island is subject to extreme weathering and physical denudation, mainly controlled by
landslides (Rouse et al., 1986; Rad et al., 2013). Weathering favors the formation of
montmorillonite-rich smectoid soils, which demonstrate an early stage within the soil
formation, generally characterized by extremely high porosity and permeability (Rouse et al.,
1986). The Valley of Desolation itself is located within massive lavas associated with the
Pelean dome of Watt mountain (Traineau et al., 2015). Block and ash flow deposits as well as
landslide debris deriving from the surrounding slopes partially filled the valley, which was
formed by phreatic or phreatomagmatic eruptions (Lindsay et al., 2005).

Nowadays the Valley of Desolation/Boiling Lake area is, one of the main geothermally
active areas throughout the island (Joseph et al., 2011). Its geothermal origin is still unclear.
According to Traineau et al. (2015), the circular shaped depression containing the Valley of
Desolation/Boiling Lake area might be related to a local fault system trending NE-SW and
NNW-SSE. (Figure 4.3) Nevertheless the Valley of Desolation/Boiling Lake area comprises
several small, crater-shaped depressions associated with vigorous hydrothermal activity. The
dilution of acidic gases in near surface oxygenated groundwater, leads to the discharge of
predominantly acid-sulfate fluids with various sulfate concentration (100—4,200 ppm) and
moderate to high acidity (pH<4; Joseph et al., 2011).
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4.3 Eruption history

There is evidence for phreatic eruptions to have occurred from the Valley of
Desolation/Boiling Lake area at least since 4 ka (Lindsay, 2005). Based on dated lahar
deposits, the oldest eruption within this area happened ~4050 years ago, but no details
about the precise vent location are available. In contrast, two other prehistoric eruptions
(~3750 and ~2900 years ago) dated by lithic ash deposits are believed to have generated
small explosion craters within the Valley of Desolation (Demange et al., 1985; Lindsay et al.,
2005). The formation of the Boiling Lake — not being dated and confirmed so far - could
possibly have resulted from one of these events (Fournier et al., 2009)
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Figure 4.4: (A) Google Earth™ image (2015) showing the outline of the Valley of Desolation (dashed line), the
suggested location of the phreatic eruption of January 4%, 1880. (B) Photograph of the Valley of Desolation
(2015) surrounded by steep slopes. The Boiling Lake trail (dash-dotted line) enters the valley in the West,
passes by the hydrothermal phenomena and exits in the lowest point in the East.
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According to several authors (Nicholls, 1880; Watt, 1880; Sapper, 1903; Komorowski
and Hammouya, 1998; Lindsay et al., 2005) the first historic phreatic event from the Valley of
Desolation/Boiling Lake area occurred on January 4" 1880. But there is evidence for the area
named as the Eastern Hot Springs (Robson and Willmore, 1955) to be the source of an earlier
eruption in 1863 (Sapper, 1903; Demange et al., 1984; Demange et al., 1985; Traineau et al.,
2015). The 1880 event, which generated from the Valley of Desolation on January 4%, is
much better documented, and speculated to be associated with a decrease in barometric
pressure during heavy rainfall in the area (Nicholls, 1880). Some other authors (Nicholls and
Watt, 1880; Nicholls, 1880) suggest a reactivation of a previously active crater, characterized
by solfataric activity prior to the event. The eruption lasted for several minutes and caused
ash fall in an area of at least 50 km? and up to a distance of 19 km to the West including the
city of Roseau, which was covered by few millimeters (Nicholls, 1880). The very violent non-
magmatic steam eruption ejected rocks and boulders, consisting of mineral fragments and
altered material, and did not contain any juveniles (Daubrée 1880a, b; Wadsworth, 1880).
Within and beyond the crater edge, trees were destroyed by ballistics and the ground was
covered by debris up to one meter in size (Nicholls, 1880). Endlich (1880) estimated a total
volume of 27 million tons for this eruption, which generated a WSW—-ENE elongated ovoid
crater with a depth of ~180 m and breached to the NE. These dimensions correspond well
with the topography of the valley today, even though considering post-eruptive wall collapse
and intense denudation due to weathering (Figure 4.4). The eruption caused furthermore a
lahar-like flooding in the Roseau River and also the river Rivier Blanch, which finally drains
into the sea via the Point Mulatre River (Endlich 1880; Nicholls, 1880).

Sapper (1903) visited the Valley of Desolation/Boiling Lake in 1903 and investigated
the area in detail. He mapped and described hydrothermal features including temperature
measurements within three distinct craters. Figure 4.5 shows the Boiling Lake located within
the easternmost crater (Crater Ill), a second crater (Crater Il), which was characterized by
strong activity but also clear signs of regrown vegetation along the crater walls and a third
crater (Crater |), the Valley of Desolation — formerly known as Sulphur Springs (Sapper, 1903).
The features observed within the Valley of Desolation itself in 1903 were distributed within a
flat-floored, crater. This depression was slightly inclined towards the northeast and free of
vegetation (Sapper, 1903). Nevertheless ascribing the strongest hydrothermal activity of the
investigated area to the Valley of Desolation, Sapper (1903) surprisingly had doubts and did
not consider it being the location of the 1880 eruption. This consideration is contradicting to
observations made just days after the eruption, which clearly confirm the Valley of
Desolation being the source location, specifying elevation, distance and direction to the
Boiling Lake as well as crater shape and morphology (Eldridge, 1880; Endlich, 1880; Nicholls,
1880).
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Figure 4.5: Map of the Valley of Desolation/Boiling Lake area (left) indicating morphological craters and
hydrothermal features (modified after Sapper, 1903). The features indicated within the map are: [A] steaming,
bubbling hot spring (92 °C) and highly spraying mineral spring, [B] strongly steaming fumaroles (96 °C)
surrounded by sulphur precipitations and several small fumaroles along the northern crater margin,
[C] bubbling and spraying mud pools (max. 7 m diameter; 84 °C), [D] spraying fumaroles (2 m high; 94.5 °C),
[E] several small fumaroles and hot springs (92 °C), [F] strong fumaroles and several hot springs (max. 95 °C),
[G] vigorously bubbling hot spring (80 °C) and several other springs and [H] two springs (40.5 °C / 42 °C). Recent
Google Earth™ image showing the same area in 2015 (right). Note the striking similarities between the hand
drawn map and the satellite image.

A recent phreatic event occurred on the 8%/9t of July 1997 during a strong tropical
wave with heavy rain. This eruption, also not directly witnessed, was significantly smaller in
size than the eruption in 1880 (James, 1997). The event was suggested to have been
triggered by a landslide from the foothill of Morne Watt into the Valley of Desolation (James,
1997). This might have happened on the same day, or some days before the eruption (James,
1997). Due to the covering of fumaroles and steaming vents in the southwestern part of the
crater shaped valley, an effective outgassing was hindered in that area, which in turn led to
the pressurization of the subsurface and finally resulted in a small-volume phreatic eruption
(James, 1997). According to observations made on July 13%, a small eruption crater, which
contained a bubbling mud pool was superseded by a ‘Mini valley' (Figure 4.6). This gully-like
feature was created by the erosion of surface waters into the loose material within the
proximity of the eruption crater (James, 1997). Furthermore the 2.5-7.5 m deep and 19-m-
long valley contained at least eight fumaroles and a hot spring (85°C) (James, 1997). Mud,
pebbles and sulphur-bearing chunks of rocks have been found ejected primarily to the
western area of the 'Mini valley' up to a distance of 53 m (James, 1997) (Figure 4.6).
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Figure 4.6: Photographs taken by A. James ~5 days after the 1997 phreatic eruption in the Valley of Desolation.
(A) Following the eruption, the crater was affected by erosion of surficial runoff, which changed its shape and
created a gully-like 'Mini valley' surrounded by loose phreatic debris. (B) Distribution of ejecta mainly in a
sector from the North to the South-South-West of the vent location (modified after James, 1997).

Since this event, the Valley of Desolation shows vigorous hydrothermal activity and its
morphology undergoes steady change. The activity of fumaroles and the discharge of springs
experience slight fluctuations possibly due to rain and landslide events, but without showing
significant variations in chemistry (Jeffrey, pers. comm.; Joseph et al., 2011). The volcanic
rocks of the area are exposed to ongoing weathering and hydrothermal alteration (Lindsay et
al., 2005). Following the 1997 eruption, seismic activity is monitored by a seismometer
located near the highest point of the Boiling Lake trail west of the Valley of Desolation
(James, 1997). Since 2000, bubbling pools are sampled on a regular basis for analysis of fluid
chemistry (Joseph et al., 2011).

4.4 Investigated area and lithologies

In order to study hydrothermal activity, its alteration effects and especially the
processes controlling the outgassing within the Valley of Desolation, we conducted two field
campaigns in April 2013 and May 2015. Field investigations included mapping of
hydrothermal features, surficial lithological units, as well as sampling of rocks and
unconsolidated material, affected by supergene and hydrothermal alteration.

4.4.1 Mapping of hydrothermal phenomena

The locations of hydrothermal features, such as hot springs, pools of bubbling water
and mud, as well as steaming fumaroles within the Valley of Desolation are shown in
Figure 4.7. A second map (Figure 4.8) additionally illustrates areas where the soil is affected
by hydrothermal alteration, locally characterized by surficial sulphur-rich encrustations.
Furthermore areas covered by landslide debris and run off deposits as well as rocks exposed
and covered by vegetation were mapped.
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Figure 4.7: Map of the Valley of Desolation (Google Earth™ image; 2015) showing the distribution of surficial

hydrothermal features and main outgassing sites during fieldwork in May 2015.
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hydrothermal phenomena and lithological units during fieldwork in May 2015.
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Figure 4.9: Photographs of hydrothermal features from the Valley of Desolation. (A, B) Fumaroles within gullies
emitting gas and steam. (C, D) Fumarole and mineralized hot spring showing steam emission and sinter
formation. (E, F) Bubbling mud pools showing signs of activity including a recent burst excavating 0.5m of
weakly consolidated material. (G) Hot spring emerging from an area characterized by sulphur-encrusted soil.
(H) Collapsed blocks of encrusted soil exposing cavities partially filled by bubbling pools. () Hot springs,
bubbling pools and slumping features along instable walls of the 'Mini valley'. (J) Small bubbling hot spring
within stream bed.

Most of the fluids appear at the surface along the Southern and Eastern margin
between the lowest areas of the landslide deposits and the somewhat flat-floored central
part of the valley. A massive landslide deposit of several meters thickness, originating from
the steep slopes of the mountain Watt in the South, separates the hydrothermal active areas
containing Fumarole 1 and 2 (Figure 4.9A, B). Both are located within gullies of up to 3
meters depth, several meters width and more than 40 meters length. Fumarole 3
(Figure 4.9C, D), situated in the lowest part of the valley at the northeastern exit, emits
primarily steam next to the mineralized hot spring (Traineau et al., 2015). The fumaroles are
clearly visible from distance due to their rising steam clouds. The river entering the valley in
the Southwest joins with the stream deriving from the 'Mini valley'. It further bypasses the
main area of alteration, before it drains the valley between the mineralized hot spring and
the easternmost part of the mud pool area. Several mud pools, ranging in size and showing
various activity, are located in the lower part of the valley, north of the trail. One of the mud
pools showed clear signs of a recent mud eruption (Figure 4.9E, F), which was reported to
have occurred few days ago (Jeffrey, pers. comm.). Mud was ejected to a distance of several
meters around the pool, including parts of the Boiling Lake trail. Sulfur-rich encrustations
appear predominantly along gullies where the main outgassing occurs (Figure 4.9 G, H).
Below these encrusted areas, alteration and erosional processes lead occasionally to the
formation of cavities, which may cause collapse and slumping of the overburden
(Figure 3.9H, 1). In addition to these phenomena abundant hot springs, encrustations and
alteration features of minor size occur mainly along the river and stream beds (Figure 4.9)).

4.4.2 Investigated lithologies

The soil and deposits in the vicinity of the hydrothermal phenomena show the most
distinct effects of alteration. Their properties gradually change with increasing distance to
the hydrothermal features resulting in an area characterized by minor effects (Figure 4.8). In
some areas north of Fumarole 2, the soil is intensely encrusted by sulphur-rich precipitates
(Figure 4.9G). The riverbeds and the tributary streams from the South show continuous
processes of erosion and deposition. The beds contain mainly run off deposits in gravel and
cobble size (Figure 4.9H, 1) The steep southern walls of the Valley of Desolation cause
abundant landslides, which reach the main outgassing vents as well as the river and the trail
in the axis of the valley. Due to the frequent landslides and the high erosion rates at these
walls, parent rocks are exposed and not covered by vegetation (Figure 4.7-4.8). In contrast,
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the northern and western part of the valley are densely vegetated, but occasionally small
landslides expose the subsurface and in rare locations minor evidences of alteration appear.

In order to investigate the effects of both supergene and hydrothermal alteration on
the parent rocks, several locations within the valley have been inspected and sampled
(Figure 4.7). Sampling location S1 is located at a cliff in the East of the valley, outside the area
affected by hydrothermal alteration. Here a recent landslide created a fresh outcrop, which
allowed sampling of the host rock (Figure 4.10A). A second landslide at the northern wall,
close to the area of mud pools furthermore allowed the investigation of the parent rock and
its supergene alteration products (Figure 4.10B, sampling location S2). Both locations showed
changes in macroscopic texture and rock/soil color due to the alteration effects. From the
inner grey, slightly altered, andesitic parent rock, a transition to a pitch-black, more intense
altered horizon and finally to a brown-orange clay-rich surficial horizon, was observed
(Figure 4.10D, E). A similar sequence is present at various locations along the margins of the
valley where vegetation permits. This transition from solid andesitic-dacitic rocks to its
unconsolidated weathering products represents the typical sequence affected by supergene
alteration.

Figure 4.10: Overview and close-up photographs showing the sampling locations within the Valley of
Desolation. Sampling locations S1 (A) and S2 (B) were accessible due to recent landslides and contained
consolidated and unconsolidated rocks affected by supergene alteration. Sampling location S3 (C) represented
by the escarpment within the 'Mini valley' comprised two units of unconsolidated material affected by
hydrothermal alteration in the close proximity of outgassing vents. Corresponding close-up photographs show
the alteration sequence from VoD 1 to VoD 2 (D), from VoD 3 to VoD 4 (E) and from VoD 5 to VoD 6 (F).
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Denudation and erosion processes are removing and transporting most of the altered
material into the valley. Then, in the vicinity of hydrothermal vents these reworked rocks and
soil experience further alteration clearly affected by hydrothermal activity. Two different
types of alteration products were investigated and sampled within the 'Mini valley' (sampling
location S3) close to Fumarole 1. Here a 2-meter-deep escarpment comprises a lower section
of a clay-rich, homogeneous, blue-grey layer (VoD 5), overlain by a white, heterogeneous and
partly loose breccia-like material (VoD 6). To account for heterogeneities both horizons have
been sampled and investigated at three locations along the escarpment (Figure 4.10C).

45 Methods

Petrophysical and soil mechanical properties have been determined in the field and in
the laboratory and correlated with the geochemical composition of the rocks.

45.1 Field-based characterization of petrophysical properties

A PL-300 soil permeameter (Umwelt-Gerdte-Technik) was used to measure the
permeability and the water content of unconsolidated material (Figure 4.11, 4.12A). Samples
were taken by using stainless steel cylinders (I = 61 mm; d = 72 mm) and air permeability
could be obtained within a measuring range of 5.6E®m? to 6.5E'3m2. The device
determines the gas volume flow through a samples connected pore network based on
Darcy’s equation. An internal vacuum pump produces the inflow of ambient air through the
sample, which is defined over a calibrated throat in the apparatus. The pressure difference
over the sample is recorded by a sensor, which provides the pressure gradient of that flow.
Comparison of the pressure gradient, in respect to a second gradient over the calibrated
permeability of the internal throat, enables the determination of the air volume flow through
the sample and consequently the calculation of its permeability. At least three individual
samples were taken with the sampling cylinder and connected to the soil permeameter for
measurement, in order to account for sample heterogeneities.

Air permeability meter PL-300
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Figure 4.11: Schematic drawing of the PL-300 soil permeameter (modified after Umwelt-Gerate-Technik, 2012).
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The obtained air permeability characterizes the water-free pore space of the sample
and is therefore a function of the water content. (Maké et al., 2009; Umwelt-Gerate-Technik,
2012). The device is furthermore equipped with a sensor consisting of two stainless steel
rods (I=10 cm) to indirectly quantify the volumetric water content by measuring the dielectric
constant. The water content is calculated by comparing the obtained dielectric value with
calibrated standards of pure water (¢=80) and dry soil (€=2). The volume affected by the
measurement is ~1000 cm3. Cylinders containing the samples were weighted in order to
determine the bulk density. Selected samples were immediately sealed and wrapped for
transport. This technique allowed non-destructive sampling and preservation of sample
texture and water content required for further analysis in the laboratory. The field
characterization of the investigated unconsolidated material was continued using two
handheld devices usually applied in soil science. A pocket penetrometer (Figure 4.12B)
allowed measurements of the unconfined compressive strength (Zimbone et al., 1996)
whereas the undrained shear strength was measured by a torvain (Farquhar, 2001)
(Figure 4.12C).

Figure 4.12: (A) Soil permeameter PL-300, (B) pocket penetrometer and (C) torvain during air permeability and
strength measurements in the field.

4,5.2 Laboratory-based characterization of petrophysical properties

Collected samples were further characterized in the laboratory, in order to determine
rock physical properties. Consolidated rock samples were therefore cored (l=60mm;
d = 25 mm) with their end faces ground flat and dried in an oven at 65 °C for at least 24 h
until fully dry. Same drying conditions were applied for unconsolidated samples and sample
powders. The latter (produced from every sample) were used for powder density
measurements and geochemical analyses.
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Samples were weighted prior and after drying in order to determine their water
content. Powder density and volume of all cored samples were measured using a helium
pycnometer (Ultrapyc 1200e®, Quantachrome). This allowed to define the porosity of the
samples, which is a key parameter controlling the mechanical behaviour (Pola et al., 2012).
For unconsolidated samples, the dry density and water content was used to calculate the
initial porosity within the sampling cylinder of known volume.

Gas permeability of the dried cored samples was obtained by using a benchtop (nitrogen)
permeameter under a confining pressure of 1 MPa in order to preclude fluid (nitrogen) flow
around the sides of the sample. The device measures confining pressure and gas volume flux
by a pressure sensor and a precision gas flow meter under several pressure gradients. This
allowed to determine the permeability using Darcy's law.

45.3 Geochemical characterization

The bulk geochemical as well as the mineralogical composition of each sample was
determined by wavelength dispersive X-ray fluorescence (WD-XRF) and X-ray powder
diffraction (XRD) analysis. Sample preparation and analysis was performed in analogy to a
previous study, described in Chapter 3.4.1. Geochemical analysis furthermore allowed the
determination of the type and degree of alteration, which could be related to the differences
in petrophysical properties. The relationship between chemical changes and alteration is
evaluated by using five indices, which have been proposed for characterizing the alteration
degree of different rocks (Pola et al., 2012, and references therein). These indices, which are
based on the weight percentage ratio of major elements, assume that distributions of
chemical elements are controlled by the degree of alteration (Duzgoren-Aydin et al., 2002).

45.4 Rapid decompression experiments

Unconsolidated samples VoD 5 and VoD 6, collected at the escarpment of the 'Mini
valley', were used for rapid decompression experiments in order to investigate the ejection
behavior of heavily altered clay rich material. For details of the experimental setup
(Figure 4.13A) and of the general procedure, please refer to subchapter 2.4.2. Samples were
carefully pressed in sample holders to ensure preservation of sample texture and water
content and subsequently mounted into the autoclave. Experimental conditions were chosen
to best mimic steam-flashing during rapid decompression, close to the overpressure and
temperature, which we estimated to have caused the phreatic eruption in 1997. Based on
the descriptions of James (1997) and the temperature measurements of hydrothermal
features (Sapper, 1903; Joseph et al., 2011) a first series of experiments at 115 °C and an
initial overpressure of 0.3 MPa was performed. A second series was conducted under slightly
higher temperature and pressure conditions of 125 °C and 0.5 MPa (Figure 4.13B). Those
conditions, which imply the sudden expansion of heated, liquid water flashing to steam, to
be required, (James, 1997) were assumed in order to generate the initiation of a phreatic
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eruption as reported. Accumulation of steam and gas below a low permeability cover can be
considered to lift the overlying material, which may cause fractures for outgassing. But taking
both the distribution of ejecta and the size of the area affected by the eruption into account,
this scenario seems to be unrealistic. The expansion of steam and gas in respect to the
relative low pressures and temperatures would not release the energy required To account
for sample heterogeneities, at least three repeats for each investigated condition and sample
were performed.
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Figure 4.13: (A) Schematic drawing of the experimental setup showing the sample mounted within the
autoclave, separated by a set of diaphragms from the collector tank. Particle ejection illuminated by LED lights
can be recorded through a transparent plexiglass. (B) Experimental conditions for phreatic fragmentation
experiments. Samples are heated and pressurized (H & P) to the dwell conditions until ejection is finally
triggered by decompression (D).

Analysis of high-speed video recordings allowed a determination of the particles
ejection velocity. The experimental setup was equipped with LED lights, facing towards the
high-speed camera (Figure 4.13A), in order to facilitate the tracking of very fine particles
ejected within the gas-steam-particle mixture. Tracked particles were grouped by size in ash
(<2 mm) and lapilli (>2 mm) and investigated individually.

455 Ballistic trajectory estimations

In order to estimate the ejection dynamics during a phreatic event similar to the
eruption occurring in the Valley of Desolation in 1997, ballistic trajectory distances were
calculated. For this approach phreatic deposits, have been considered to be ballistic
projectiles (Barberi et al., 1992; Mastin, 1995). Ejection velocity and particle size, which were
obtained by high-speed video analysis, as well as particle density determined during the rock
physical characterization, were used as input parameter. The ballistic trajectories were
calculated using the software Eject! (Mastin, 2001). By assuming a spherical particle shape
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and an ejection angle of 45°, maximum trajectory distances could be estimated. Additional
information concerning the software Eject! are provided in the documentation (Mastin,
2001). Calculations allowed to analyze the influence of particle size and sample type of both
ash and lapilli from VoD 5 and VoD 6 on their trajectory distances.

4.6 Results

4.6.1 Mineralogical and geochemical composition

A conceptual model shows the investigated samples and summarizes their origin as
well as their relation in respect to supergene and hydrothermal alteration (Figure 4.14).
Results of the geochemical analysis based on XRD and XRF are displayed in Table 4.1 and
Table 4.2, respectively.

I_T"_l Fumarole
Bubbling pool [@P] Mud pool  Groundwater table == \
Strongly weathered e =7 Alunite dominated, kaolinite rich
Andesite - Montmorillonitic soil [ alteration breccia
Moderate weathered - Clay rich, andesitic Kaolinite dominated, alunite rich
Andesite residue alteration clay

Figure 4.14: Conceptual model of the origin and deposition of the investigated rocks as well as photographs of
samples. VoD 1 to VoD 4 represent a sequence from solid to unconsolidated rocks affected by supergene
argillic alteration. The progressive decomposition of feldspars results in an increased amount of
montmorillonite towards the surface. In the vicinity of hydrothermal vents emitting acid sulphate fluids, rocks
are affected by advanced argillic alteration. VoD 5 is dominated by kaolinite whereas VoD 6 shows a lesser
degree of alteration characterized by the formation of predominantly alunite at and above the groundwater
table.
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The following lithologies have been sampled and investigated in detail:

VoD 1 is a dense, volcanic rock with a porphyritic texture. It mainly consists of
euhedral plagioclase and sanidine as well as fine-grained cristobalite (<10 um). Furthermore
it contains minor amounts of quartz fragments, euhedral pyrite and hornblende. The latter
represent large crystals with an average diameter of up to 850 um (Figure 4.15A). A
significant amount of clay minerals as detected by XRD analysis confirms the weathering of
feldspars (Glasmann, 1982).

VoD 2 is very similar in composition but due to a higher degree of alteration, this
sample shows a higher amount of clay minerals associated to a decreased proportion of
sanidine and plagioclase. Features such as 10-30-um-wide alteration rims, locally
surrounding feldspars, can be observed (Figure 4.15B).

VoD 3 represents the product of progressive supergene weathering. The oxidation of
sulfide minerals (e.g. pyrite) to sulfuric acid, creates an acidic environment favoring argillic
alteration at low temperatures. Further disaggregation of the rocks towards the surface and
the replacement of plagioclase and amphibole by montmorillonite, can be observed, for this
hard packed horizon of more than 40 cm thickness (Figure 4.10E). Unlike VoD 1 and VoD 2,
which represent solid samples, VoD 3 could be sampled in steel cylinders as other, even
further disaggregated and unconsolidated lithologies.

VoD 4 a surficial, yellow-brown horizon (<20 cm) is completely disaggregated and
altered, which results in an increased amount of montmorillonite. In agreement with the
chemical alteration indices (Table 4.3), which represent the degradation of alkali elements,
the degree of argillic alteration increases towards the surface. The clay content accordingly
generally increases from 23% (VoD 1) to 73% (VoD 4). Following re-deposition and exposure
to sulphur-bearing, acidic fluids (Joseph et al., 2011) these rocks (VoD 1-VoD 4) are eventually
affected by advanced argillic alteration.

VoD 5 a blue-grey, clay-rich layer with a visible outcropping thickness of 1.5m
contains locally remnants of the parent rock, which are less altered (Figure 4.16A). Acid
sulphate fluids cause leaching and the complete alteration of feldspars to dominantly
kaolinite and alunite (Figure 4.15C).

VoD 6 representing the upper part of the escarpment is mainly made up by a white,
breccia-like horizon consisting of altered fragments and partially sub rounded clasts (in the
size range of pebble), which are embedded in a finer matrix (Figure 4.16B). Some of these
clasts comprise a similar andesitic composition as VoD 1 and VoD 2, which is confirming their
origin (Figure 4.15B, D). VoD 6 consists mainly of alunite and a lesser amount of kaolinite
resulting in a reduced amount of clay (36%), whereas VoD 5 is dominated by kaolinite (58%).

Cristobalite was detected by XRD analysis in all samples. It most possibly formed by
devitrification from amorphous volcanic glass or by precipitation from a vapor phase in dome
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rocks (Horwell et al., 2013). Due to the fine-grained size of cristobalite it is absent in
macroscopic and microscopic observations (Henderson et al., 1971; Horwell et al., 2013).

Figure 4.15: Photomicrographs of investigated samples. (A) Hornblendes, sanidines, plagioclase and quartz
surrounded by fine-grained matrix, which consists of montmorillonite and cristobalite (Xpol). (B) Plagioclase
and sanidines surrounded by a fine-grained matrix of montmorillonite and cristobalite. Furthermore an
alteration rim can be observed (surrounding an euhedral plagioclase) (Xpol+y). (C) Remnant of an euhedral
mineral face (most possibly feldspar) intensely altered to kaolinite and alunite within a kaolinized fine matrix
(Ilpol). (D) Fragment consisting of sanidine, plagioclase, montmorillonite and cristobalite, surrounded by a fine-
grained matrix of kaolinite and alunite (Xpol+y ).

Figure 4.16: Photographs from the sampling location (S3) within the escarpment of the 'Mini valley'.
(A) Remnants of darker clasts are embedded in a clay-rich, green-grey matrix (VoD 5). (B) The white, breccia-
like horizon is lesser altered and contains loose fragments ranging in size up to several cm (VoD 6).
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Table 4.1: Mineral composition of investigated samples based on X-ray diffraction analyses.

Supergene alteration

Hydroth. alteration

Sample VoD1 VoD2 VoD3 VoD4 VoD5 VoD®6
Plagioclase 37+3 32+3 163 18 +3

Sanidine 15+2 12+2 8+2

Hornblende 21

Clinopyroxene 21

Cristobalite 20+2 23+2 82 612 15+2 13 +2
Quartz 1 2+1 1+1 2+1 41
Pyrit * 1+ t

Alunite® 25 +3 47 +3
Montmorillonite 23 +2 303 603 7313

Kaolinite 58 +3 36 +3
Sum 100 100 100 100 100 100

® Includes Na- and K- dominated alunites

Table 4.2: Representative major and trace element analyses of rocks affected by supergene and hydrothermal

alteration, examined in this study.

Supergene alteration

Hydroth. alteration

Sample VoD1 VoD 2 VoD 3 VoD 4 VoD 5 VoD 6
Major elements (%)

SiO, 61.5 65.1 59.2 54.8 54.5 49.8
TiO, 0.5 0.6 0.6 1.0 0.6 0.5
Al, O3 17.0 17.5 17.5 20.2 19.2 13.5
Fe,03 5.8 3.7 6.3 7.9 3.9 2.9
MnO 0.1 0.1 0.1 0.1 0.1 0.1
MgO 1.6 0.9 1.7 3.6 0.7 0.9
Cao 5.2 3.7 3.5 3.4 0.7 2.7
Na,O 3.0 2.8 1.5 1.4 1.0 2.1
K,O 1.6 1.7 1.1 0.2 14 1.2
P,Oq 0.1 0.1 0.1 0.1 0.1 0.2
SOz 0.7 0.3 0.6 0.4 10.7 10.7
LOI 3.4 2.9 9.3 6.8 17.6 26.4
Sum 99.8 98.9 99.4 99.8 99.7 100.0
Trace elements (ppm)

Ba 267 266 220 115 0 544
Cr <20 <20 <20 128 <20 <20
Cu 48 82 71 <30 117 92
Ni 7 1 <20 <20 70 50
Rb 53 55 31 <30 48 40
Sr 192 161 102 90 192 133
Y 40 30 21 17 0 0
Zn 90 46 99 96 52 59
Zr 103 103 113 77 87 74
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Table 4.3: Chemical alteration indices for volcanic rocks from the Valley of Desolation affected by supergene
and hydrothermal alteration.

Supergene alteration Hydroth. alteration
Sample VoD1 VoD 2 VoD 3 VoD 4 VoD 5 VoD 6
CIA 63.6 68.1 74.2 80.2 86.1 69.5
ACN 0.68 0.73 0.78 0.81 0.92 0.74
SA 3.61 3.73 3.38 2.71 2.84 3.69
PIA 65.5 70.8 76.6 80.6 91.3 72.2
Ciw 67.6 72.9 77.8 80.8 91.9 74.0

The indices used to estimate the degree of alteration assume the immobility of
aluminum and should therefore be carefully applied to heterogeneous samples, especially in
environments of hydrothermal alteration (Arikan et al., 2007; Pola et al., 2012). Nevertheless
the values of the indices correlate well with the degree of alteration observed for the
investigated rocks. CIA, ACN, PIA and CIW values generally rise due to the loss of mobile
cations within the sequences of supergene and hydrothermal alteration. By contrast the SA
value decreases with alteration as it is reflecting the loss of silica. For further information
concerning formula and references of individual indices shown in Table 4.3, please refer to
Chapter 1.2. Loss on ignition correlates with the amount of clay minerals (Arikan et al., 2007)
and shows a large increase due to the presence of alunite formed by hydrothermal
alteration.

4.6.2 Petrophysical properties of collected samples

Rock physical and mechanical properties determined in the field and the laboratory
are displayed in Table 4.4. Humidity, water content and strength were only measured for the
unconsolidated samples. Moreover the unconfined compressive strength (UCS) of VoD 3 was
exceeding the range of the device (5.0 kN/m?). In situ humidity of unconsolidated samples
ranged between 34.9 and 87.8 % and was slightly higher than the water content determined
in the laboratory by drying (26.3-67.3 %). The differences originate most possibly from the
sample heterogeneities and the loss of water during sample shipping and unpacking.
Samples have been exposed to significant temperature and pressure changes during the
transport, which might have induced changes in the water distribution within the sample
cylinders.

Bulk and matrix density ranges between 1.52-1.74 g/cm3 and 2.56-2.76 g/cm? for
unconsolidated, as well as between 2.18-2.22 g/cm3 and 2.49-2.61 g/cm? for solid rocks,
respectively. Gas permeability could be obtained for all samples besides for VoD 5, which was
too low permeable and therefore exceeded the range of the soil permeameter
(<5.6 x 101 m?). Results given in Table 4.4 are averaged on three individual measurements
(deviating for each sample within the same order of magnitude as the obtained average
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value) and range between 2.5 x 10 and 2.1 x 10" m2. Finally UCS and shear strength of
investigated samples varies between 0.9-2.4 kN/m? and 0.8-3.1 kN/m?, respectively. These
results confirm that strength of unconsolidated samples decreases with 1) an increasing clay
content, and 2) an increasing degree of alteration for samples affected by supergene (VoD 3
and VoD 4) and hydrothermal alteration (VoD 5 and VoD 6).

Table 4.4: Averaged petrophysical properties obtained during field and laboratory analysis.

Sample Humidity Water  Clay Bulk  Matrix Connected Gas UCS  Shear
PL-300 content content density density porosity permeability strength
(%) (%) (%) (g/em’) (g/em’) (%) (m?)  (kN/m?) (kN/m?)
VoD1 n.m. n.m. 23 222 261 14.8  25x10”° nm.  nm.
VoD2 n.m. n.m. 30 218 249 17.3 85x10” % nm. nm.

VoD3 349 26.3 52 1.74  2.58 50.2 36x10°° >50 3.1
VoD4 415 32.1 73 1.58  2.76 65.5 21x10%° 09 1.6
VoD5 87.8 67.3 58 156  2.56 73.1  <5.6x10°° 14 0.8
VoD6 549 49.9 36 152  2.56 65.5 9.4x10°° 24 2.7

® Gas permeability determined by benchtop permeameter under a confining pressure of 1 MPa

° Air permeability determined by PL-300 soil permeameter (Umwelt-Gerate-Technik)

4.6.3 Ejection behavior

The ejection velocity of the gas-particle mixture in the presence of steam-flashing was
determined by high-speed video analysis of each experiment. The energy released during
decompression and thereby driving the unloading and ejection of samples is controlled by
the amount of water in the system. Thereby porosity and sample saturation are the main
parameter affecting the ejection dynamics of particles during rapid decompression
experiments (Rager et al., 2014; Mayer et al., 2015). We observed a non-linear decay of the
ejection velocity as a function of time irrespective of the particle size (Figure 4.17). Grouping
particles of each sample type (VoD 5 and VoD 6) and each condition (3 bar/115 °C and
5 bar/125 °C) by size into lapilli (>2 mm) and ash (<2 mm) revealed following results:

(1) Independent of the condition, initially ejected particles are smaller than 500 um and
exhibit the highest ejection speeds (55-70 m/s) (Figure 4.18A, D);

(2) Lapilli sized particles (>2 mm) arrive at a later stage of the ejection (12.5 ms) and
show slower ejection velocities (25-50 m/s) (Figure 4.18B, E);

(3) Higher initial pressures and temperatures result in higher ejection speeds for ash and
lapilli-sized particles of both sample series (65-80 m/s and 40-50 m/s for ash and
lapilli from VoD 5 compared to 55-70 m/s and 25-40 m/s for ash and lapilli from
VoD 6) (Figure 4.17);
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(4) As a result of the samples’ water content VoD 5 (67.3%) showed higher ejection
speeds under both conditions and for both size groups compared to VoD 6 (49.9%);

(5) During video analysis and collection of particles from the tank after the experiment, a
higher amount of coarse particles from VoD 6 samples was noticed (Figure 4.18).
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Figure 4.17: Ejection speed of particles determined by analysis of high-speed camera footage. The velocity of
the particles decays with time. Coarser particles (d >2 mm, with d = particle diameter) exhibit lower ejection
speeds and appear in the field of view at a later stage of the ejection.

Figure 4.18: Sequences of still-frames from high-speed camera recordings showing the ejection of particles at
different times after the initiation of the decompression. Ash and lapilli-sized particles from the sample VoD 5
during ejection (A, B) and prior collection at the bottom plate (C) and from VoD 6 respectively (D, E, F). The
onset of the ejection is characterized by the expulsion of fine particles followed by a mixture of fine and coarse
particles. Note the differences in the amount of coarse particles at the bottom plate.

89



4.6.4 Ballistic trajectory

Using the program Eject! (Mastin, 2001) allowed to estimate the minimum and
maximum ballistic trajectory distances. A size range for ash (1-2 mm) and lapilli (2-10 mm)
was assumed to calculate the minimum and maximum trajectory distance for both
investigated samples under each condition (Table 4.5). Minimum and maximum trajectory
distances obtained for VoD 5 are slightly higher than for VoD 6. For both samples they
increase with particle size, ranging between 21-24 m for ash and 35-65 m for lapilli. The
quite narrow range of applied initial overpressure and temperature of this study does not
have a significant influence on the estimated distances.

Table 4.5: Estimated trajectory distances based on ejection speeds obtained during decompression
experiments by high-speed video analysis. For the calculation the in situ bulk density was used and an ejection
angle of 45° was assumed.

Sample Size P T Veject Trajmin Trajmax
(MPa) (°C) (m/s) (m)  (m)
VoD 5 lapilli 05 125 50 20 65
VoD 5 ash 0.5 125 80 12 24
VoD 5 lapilli 03 115 40 18 56
VoD 5 ash 0.3 115 65 11 22
VoD 6  lapilli 0.5 125 40 17 40
VoD 6 ash 05 125 70 11 21
VoD 6 lapilli 03 115 25 13 35

VoD 6 ash 03 115 55 10 21

4.7 Discussion

Field work and laboratory investigations in combination with a detailed literature
research allowed to gain further insight in the past and present hydrothermal activity,
including phreatic eruptions in the Valley of Desolation. Detailed maps of the Valley of
Desolation showing the distribution of hydrothermal phenomena and lithological units, as
observed between 2013 and 2015, were presented. Moreover the results highlight the
effects of supergene and hydrothermal alteration on the rock physical and mechanical
properties. Decompression experiments and analytical modelling further allowed to
reconstruct the dynamics of a recent phreatic event in 1997.

4.7.1 Hydrothermal activity

In the Valley of Desolation the spatial distribution of hydrothermal phenomena is
most likely controlled by the structural setting (Traineau et al., 2015). Nevertheless their
intensity and style seem to be subject to some variations influenced by alteration processes
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at the surface and at shallow depth. Documented reports of the activity in the area since the
eruption in 1880 seem to be rare. Apparently the only information available was recorded
following the phreatic eruption in 1997 (James, 1997) and even more recent studies (e.g.
Lindsay, 2005; Joseph et al., 2011; Di Napoli et al., 2013). Therefore, clear statements of a
changing activity especially due to alteration processes are hardly possible. Comparing the
mapping results with the descriptions, made soon after the phreatic eruption of 1880
(Sapper, 1903) and the report from James (1997), yielded the following findings:

(1) Despite denudation and abundant landslides, which changed the topography of the
valley, the main hydrothermal features remained their general activity and persisted
at their location (Figure 4.5 and 4.7).

(2) The area in the north of the Valley of Desolation, which is characterized by several
mud pools, obviously experienced a change in style, as it was previously described as
an area of intense fumarolic activity (Sapper, 1903). Advanced argillic alteration
causing the formation of low permeability clay-rich layers may lead to increased
condensation of fluids at shallow depth. This could in turn have induced a gradual
change from emission of gaseous fluids as fumaroles to the development of bubbling
mud pools within a liquid dominated shallow zone (Figure 4.9E, F). Such a change in
activity might furthermore be favored if located within a depression with little
drainage. These mud pools show occasionally an increased activity associated with
burst events and minor mud eruptions, which eject hot mud up to several meter
distance. Advanced argillic alteration affecting mainly the proximity of hydrothermal
vents results in clay-rich material, which exhibits a lower strength and is generally
easier eroded than consolidated rocks (Figueiredo et al., 1999). As a result gullies and
rills mostly develop in areas where fumaroles, hot springs and bubbling pools are
located.

(3) A significantly larger amount of material was ejected during the eruption in 1880
(Watts, 1880) as this event was much more energetic as the recent phreatic eruption
in 1997 (Lindsay et al., 2005). According to reports, the generated crater was filled (to
a certain extent) by its ejecta, as well as subsequent slumping processes and
retrograde erosion of its crater walls (Watts, 1880; Nicholls, 1880; Sapper 1903).
Hydrothermal features located mainly along the margin of the oval crater-shaped
valley, could therefore be related to the discontinuity between the host rock and the
loose reworked material. Such a zone might facilitate the rise of fluids at shallow
depth. Similar processes of fluid circulation along a discontinuity have been observed
during flank collapse studies in the Lesser Antilles (Boudon et al., 2007) and
elsewhere around the world (Waythomas, 2012). Hydrothermal outflow at greater
depth is most commonly associated to structural settings (Curewitz and Karson,
1997), which are thought to be the source for the persistent activity in the Valley of
Desolation.
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4.7.2 Effects of hydrothermal alteration

Geochemical analysis of investigated samples revealed, that two types of alteration
are prominent in the Valley of Desolation. Supergene argillic alteration of the host rocks leads
to the formation of montmorillonite-rich, unconsolidated material and in turn to the
development of a soil-like horizon at the surface (Table 4.1). Advanced argillic alteration by
acid-sulphate fluids affects the close proximity of vent locations. It causes leaching and
complete decomposition of feldspars and thus formation of kaolinite and alunite (Rye et al.,
2003; Zimbelman et al., 2005; Pirajno, 2009). The Valley of Desolation represents a good
example for the influence of the water table on the mineral zoning within an advanced
argillic alteration sequence. The highly water saturated horizon (VoD 5) in the lower part of
the escarpment is dominated by kaolinite whereas the overlying, alunite-dominated layer
(VoD 6) showed a lesser amount of water saturation (Figure 4.14). The dominance of alunite
over kaolinite in the upper part of the investigated escarpment may indicate, that alunite
formation is favored above the water table where atmospheric oxidation of H,S to H2SO4
occurs (Mutlu et al., 2005).

Sequential alteration, as confirmed by the alteration indices, induces the degradation
of rock mechanical properties and is furthermore influencing their petrophysical properties
(Table 4.4; Pola et al., 2012). The obtained porosities, densities and water contents are
typical for clay-rich materials and agree well with the values of residual and volcanic soil
investigated in other locations on Dominica and similar volcanic environments (Rouse et al.,
1986; Rao, 1996; Hurlimann et al.,, 2001; Del Potro and Hirlimann, 2009). Moreover the
increasing degree of alteration is reflected by decreasing strength - a relation observed for
samples affected by supergene and hydrothermal alteration in this study and elsewhere (Del
Potro and Hirlimann, 2009). The results confirm previous investigations, which showed that
clay formation is associated with intense weakening and destabilization of rocks causing
landslides and collapse (Boudon et al., 2007; Del Potro and Hirlimann, 2009, and references
therein). Such processes, usually observed at volcano edifices made up of solid rocks (de
Vries et al., 2000; Donnadieu et al.,, 2001; John et al., 2008), can also occur at slopes
consisting of unconsolidated material and colluvial deposits (Del Potro and Hirlimann, 2008;
2009). Petrophysical properties of investigated unconsolidated samples support previous
studies showing that volcanic soils represent very weak units and that their behavior is
furthermore controlled by particle size distribution and water content (Del Potro and
Hiarlimann, 2008, and references therein). In addition, clay alteration is decreasing the
permeability and thereby affecting the outgassing of hydrothermal active areas (Alvarado et
al., 2010; Vignaroli et al., 2015).

Surficial sulfur-rich encrustations, which were observed in the close vicinity of the
degassing vents (Figure 4.9G, H), could further contribute to a decrease in permeability and
create sealing levels within surficial lithological units (Harris and Maciejewski, 2000). Low-
permeability lithologies may favor pressurization episodes at shallow depth of
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hydrothermally active areas, which eventually lead to phreatic eruptions (Mayer et al., 2015;
Montanaro et al., 2016). Such pressurization could be caused by 1) an increased fluid flux to
the surface resulting from changes within the hydrothermal system (e.g. rising of the
isotherms, changes in the groundwater table); or 2) by constant gas flow but continuously
decreasing permeability (due to clay formation and precipitation of secondary minerals). As
the lithologies in the vicinity of outgassing vents comprised relative low strength, rupture and
decompression might occur at little overpressure and not leading to large eruptions.

4.7.3 Ejection behavior of altered unconsolidated material

The results obtained by rapid decompression experiments with heavily altered, clay-
rich material at initial pressures of 0.3 and 0.5 MPa confirmed the influence of particle size
on the ejection speed. As most of the kinetic energy is released during the initial stage of the
decompression, and smaller particles are more efficiently coupled with the expanding gas
and steam, ash-sized particles arriving during an early stage in the field of view, exhibit the
highest ejection velocities (Alatorre-lbargiiengoitia et al., 2010). These results are well in
agreement with a study performed by Montanaro et al. (2016).

The estimated trajectory distances (up to 65 m) correspond well with the measured
maximum distances of debris (52 m) ejected during the phreatic eruption in 1997 (James,
1997), which supports the conditions chosen for the fragmentation experiments. The
asymmetrical distribution of ejecta as reported by James (1997) was most likely caused by a
lateral jet. Figure 4.19 displays a conceptual model showing a possible evolution of the 1997
phreatic eruption in the Valley of Desolation. The landslide deriving from the steep slopes of
the mountain Watt might have caused a uneven coverage of the vent locations, which
resulted in a lower overburden towards the valley side. Hence the expansion of fluids was
favored in this direction and caused a directed jet of steam and debris to the NW of the
source location.
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Figure 4.19: Conceptual model showing a possible scenario for the evolution of the phreatic eruption in the
Valley of Desolation in 1997. The landslide deposit might have caused an uneven coverage of the vent
locations, which most likely resulted in a lateral jet of steam and tephra. The distribution of the ejecta was
thereby dominantly in an area in the NW of the source location, as reported by a field investigation (James,
1997).

4.8 Summary and conclusion

Two field campaigns and laboratory analysis was conducted, in order to investigate
phreatic activity and alteration processes in the Valley of Desolation,. Detailed mapping of
the area included hydrothermal features and surficial lithological units affected by supergene
and hydrothermal alteration. The maps, produced by this study, may serve as a basis for
further investigation of hydrothermal activity in the area, as they represent a snapshot of
activity in an environment subjected to various surface processes, which affect the
outgassing style and intensity.

Further field and laboratory-based characterization including in situ permeability
measurements of altered unconsolidated rocks revealed several effects of supergene and
hydrothermal alteration in the Valley of Desolation:

(1) Rocks within the Valley of Desolation are generally affected by supergene argillic
alteration, causing disaggregation and the formation of montmorillonite;

(2) The close proximity of outgassing vents is characterized by advanced argillic alteration
and the formation of kaolinite and alunite;
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(3) Both types of alteration decreased the strength and permeability of rocks
accompanied by increasing abundance of clay minerals;

(4) Advanced argillic alteration in the vicinity of outgassing vents (leading to clay
formation and reducing the permeability) may have enhanced the condensation of
fluids at shallow depth, therefore inducing the progressive change from steaming
fumaroles to boiling mud pools;

(5) Strength reduction of altered rock/soil could have caused destabilization along slope
areas, which may have increased the occurrence of landslides, which have the
potential to cause the covering of outgassing vents by landslide debris (a similar
process most possibly triggered the 1997 phreatic eruption in the Valley of
Desolation).

Results demonstrate that the degradation of petrophysical properties, caused by
supergene and hydrothermal alteration, is well represented by chemical alteration indices.

Rapid decompression experiments simulated the ejection dynamics involved in small
phreatic eruptions and allowed to estimate the conditions leading to such events. Based on
the report of the 1997 eruption and the obtained results, a conceptual model for the
progression of events, which occur during a landslide-triggered phreatic eruption in the
Valley of Desolation is provided.

New techniques for mapping and monitoring of alteration processes, which induce
mechanical instability of degassing vents, must be developed for all active volcanoes of the
Lesser Antilles (Boudon et al., 2007). The results, presented in this study, may therefore be
considered as a contribution to such efforts at the Valley of Desolation and at similar
hydrothermally active environments.
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5 Synthesis and conclusions

Figure 5.1: View from the eastern rim of Solfatara crater.
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5.1 Key findings and general conclusion

Investigations obtained within this thesis focus on the effects of hydrothermal

alteration on petrophysical properties, which in turn influence phreatic eruption processes.
A combination of rapid decompression experiments and extensive characterization of the
rock samples involved was applied to three individual case studies.
A first study on Whakaari investigated the influence of argon gas expansion versus steam
flashing on the fragmentation behavior as well as on the size and shape of particles
generated during rapid decompression (6.5 MPa; 270 °C). Furthermore the effect of sample
type (loose or consolidated) and the amount of secondary hydrothermal alteration, among
others alunite precipitation, is demonstrated. The Campi Flegrei case study includes a more
detailed investigation of the alteration processes. Samples have been geochemically
analyzed prior to rock mechanical characterization and rapid decompression experiments.
The fragmentation behavior of consolidated samples with various degree of alteration was
investigated in the presence of steam expansion and compared to gas expansion under
identical initial pressure and temperature conditions (4 MPa; 240 °C). Additional
geochemical and laser scan analysis was conducted to determine the chemical composition
and size distribution of the very fine fraction generated during fragmentation. The third case
study focused on the distribution and characterization of hydrothermal phenomena within
the Valley of Desolation in Dominica. Geochemical and petrophysical characterization of
consolidated and unconsolidated clay-rich samples, allowed an investigation of rocks
affected by supergene and hydrothermal alteration. Rapid decompression experiments and
analytical modelling have been conducted in order to explore the physical conditions
(0.3-0.5 MPa; 115-125 °C) inferred for a recent phreatic event driven by steam flashing.

Each of the key aims of this thesis, set out in Chapter 1, are summarized here in light
of the findings presented in the preceding chapters.

> Alteration type and its effects on the mineralogical composition of the host rock.

Although the three case studies are characterized by acid-sulphate alteration, significant
differences have been observed mainly as a result of the fluid composition. Besides other
parameters, acidity and the concentration of sulfate dictate whether dissolution of the host
rock, secondary mineral precipitation of sulfates, or clay alteration is dominant.

Andesitic-dacitic Whakaari samples, which were affected by very acidic fluids
(pH: 0.7-2.4) with a very high sulfate concentration (75,000 ppm) are characterized by acid-
sulfate alteration. This led to precipitation of amorphous silica and alunite, causing the
cementation of the ash tuffs. A similar alteration mineral assemblage was observed for
samples from Solfatara and Pisciarelli. The slightly less acidic fluids (pH 1.3-2.5) with a lower
sulfate concentration (4,600 ppm) caused leaching of the surficial trachytic rocks associated
with replacement of pristine mineralogy by amorphous silica and alunite. Whakaari samples
revealed the precipitation of secondary minerals within the pores, which decreased the rock

99



porosity and permeability. In contrast, the investigated samples from Campi Flegrei are
mainly affected by leaching processes, which increased porosity and permeability. Secondary
minerals have not been detected to precipitate within open voids of Campi Flegrei samples.

Compared to these two areas, moderate acidic alteration conditions (pH: <4) with
lower sulfate concentrations (100-4,200 ppm) occur in the Valley of Desolation. This is
confirmed by the dominance of kaolinite over alunite within the samples affected by
hydrothermal alteration. Moreover the effect of the groundwater table and/or the high soil
saturation associated to the tropical climate (i.e. high rainfall) seems to favor the formation
of kaolinite by diluting the fluids and decreasing their acidity. Hence, in the Valley of
Desolation a transition from kaolinite-dominated and alunite-containing advanced argillic
alteration to supergene argillic alteration (outside of the hydrothermal active areas) can be
observed.

According to the findings the alteration conditions for Whakaari seem to permit the
formation of a mineralogical seal above the hydrothermal system, which seems not to be the
case for Campi Flegrei or the Valley of Desolation. However, in the latter area some sectors
may experience the development of a low permeability layer due to the formation of clay
minerals. Slight variations in fluid composition or local variation in the nature of the rocks
might lead to contrary results.

» Influence of alteration on petrophysical properties.

The rocks investigated in this study cover a wide range of different lithologies from ash tuffs,
surge deposits, ash/lapilli to dome lavas, and clay-rich products of advanced argillic
alteration. The alteration affecting these rocks generally decreases density and strength
while it increases porosity and permeability, unless secondary mineral precipitation or the
formation of clay dominates. The latter two processes have been observed for samples from
Whakaari and the Valley of Desolation. In both cases alteration reduced the permeability of
the rocks, which can affect the outgassing behavior thus leading to a pressurization of the
system. For the Whakaari ash tuffs alteration appeared to increase the strength of rocks by
progressive precipitation of secondary minerals cementing the samples. Geochemical
indices, expressed as weight percentage ratios of major elements, were applied to the
altered rocks analyzed in this study. The degradation of petrophysical properties yielded a
good correlation with the indices, despite these are mostly used to characterize the
weathering degree of rocks.

» Effects of fluid type (i.e. gas or liquid), pressure and temperature on phreatic eruption
processes.

Eruptions driven by steam flashing are significantly more violent than those driven by steam
expansion or by pure argon gas expansion. The phase change of water from liquid to vapor
results in a tremendous volume increase compared to steam and gas expansion. Hence, the
energy surplus enhances the fragmentation process and the ejection of particles. Increased
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fragmentation results in higher proportion of fine particles. The energy released during
decompression increases with increasing initial pressure (for all experiments) and
significantly with increasing temperature (for steam flashing experiments).

» Effect of the alteration on the fragmented particle shape and their size distribution.

Fragmentation of hydrothermally-altered rocks dominated by alunite and amorphous silica
produce an increased fraction of very fine particles compared to unaltered rocks. Fine ash
particles (<10 um) possessing silica- and alumina-rich compositions may be causative agents
of respiratory diseases, and their dispersion could represent a serious health hazard on a
local scale.

A synthesis from the presented studies provides following general conclusions:

(1) Mapping, characterization and monitoring of hydrothermal active sites is vital to
understand the behavior of hydrothermal systems over time and allows the
detection of changes;

(2) Geochemical investigation as a tool to characterize surficial lithologies provides
important insight for the understanding of alteration processes within volcanic
system dynamics;

(3) Rapid decompression experiments represent a valuable approach for the
investigation of phreatic eruption processes.

5.2 Ongoing work and future perspectives

In the process of this work, a number of new studies started which are currently
under investigation at the time of writing.

The results obtained within the first case study together with the successful use of
the field soil permeameter during the Dominica case study provided the basis for further
field campaigns to Whakaari and Campi Flegrei. In order to better understand the
permeability of an active volcanic hydrothermal system, the existing porosity-permeability
data of solid rock samples from Whakaari was complemented by porosity and field
permeability measurements of fresh, unconsolidated deposits. This study is conducted in
collaboration with co-workers from the University of Canterbury and the University of
Strasbourg. A combination of macroscopic, microscopic and chemical analysis will be utilized
to investigate a possible relationship between physical properties of rocks from the crater
floor and alteration. Preliminary results indicate a large variability in alteration and
microstructure of investigated samples. Nevertheless, this study will offer the most complete
porosity-permeability dataset for a volcanic hydrothermal system to date.

A similar approach has been used to investigate the outgassing processes at Solfatara
crater with respect to alteration affecting the crater floor lithologies. This highly active site is
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one of the best-studied volcanoes worldwide and represents a significant hazard to the
population in the surrounding region. Nowadays no detailed mapping or characterization of
the surficial lithologies of the crater floor exists. Fieldwork was conducted in order to address
this limitation, by measuring rock and soil permeability, temperature and humidity, and by
collecting samples for further lab analysis. In collaboration with several coworkers from the
INGV Naples and the University Savoie Mont Blanc who performed detail geophysical
investigations of the shallow zone (<50 m) below Solfatara, the study aims to investigate fluid
circulation, alteration and outgassing dynamics. The interactions of these processes needs to
be better understood (Bruno et al., 2007) as the distribution and type of fluids is essential for
guantitative modelling (Byrdina et al., 2014).

Another interesting topic under investigation is the hydrothermal activity of the
Eastern Hot Springs and the Boiling Lake. Both locations were examined and sampled during
the fieldwork in the Valley of Desolation. Together with the Valley of Desolation, they are
expected to be the most likely locations for future eruptions (Lindsay et al., 2005). A similar
approach as conducted for the Valley of Desolation is ongoing at the moment. Geochemical
and petrophysical characterization, rapid decompression experiments and analytical
modeling is applied to estimate the dynamics of phreatic eruption processes in these areas.

Besides these ongoing studies several new questions and possibilities have arisen
from this work:

» Multidisciplinary studies appear to be promising, in order to further investigate
hydrothermal alteration. The analysis of drill cores, geophysical studies as well as field
and laboratory-based characterization, might be additionally supported by
hydrological and hydrogeological data.

» How do fluctuations in the groundwater table influence the dynamics of
hydrothermal systems, and can they affect the potential for — or even trigger phreatic
events? Groundwater monitoring is already used in volcanic settings for analysis of
ground deformation. The distribution of groundwater could also affect alteration
processes, as observed for the Valley of Desolation. Therefore the composition and
the distribution of groundwater should be investigated and taken into account for
future studies.

» Geological and structural mapping has been carried out for many hydrothermal areas.
But the relationship of these investigations with hydrothermal alteration could be
improved. The lateral extent of surficial alteration features and capping layers, has an
important control on outgassing locations.

» What are the time scales over which hydrothermal alteration occurs? Geochemical
modelling and experiments need to be performed in order to better understand the
time scales of alteration processes. How fast can the permeability of rocks change
and what are the implications of such a change on the heat and fluid flow.
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Appendix Al

Volcanological history of Whakaari (White Island volcano). Events and periods of activity used in Figure 3.2, modified after Letham-Brake, 2013.

Date Type of activity Erupted Volume
(m3)
1. Dec. 1826 Phreatic tephra eruption 5.0x106
1836 (£ 2vy) Phreatom. tephra eruption 5.0x106
Oct. 1885 Phreatic tephra eruption 5.0x106
16. Sep. - Dec. 1886 Phreatom. tephra eruption  5.0x106
13. May 1909 Phreatic tephra eruption 5.0x106
Dec. 1922 Phreatic tephra eruption 5.0x106
Sep. 1924 Phreatic tephra eruption 5.0x106
3. Feb. 1926 Phreatic tephra eruption 5.0x106

References

Williams, 1826; cited in Hamilton and Baumgart, 1959; Smithsonian Institution,
2013

Polack, 1838; cited in Hamilton and Baumgart, 1959; Smithsonian
Institution, 2013

NZ Herald, 1885; cited in Hamilton and Baumgart, 1959; Smithsonian
Institution, 2013

Smith, 1887; cited in Hamilton and Baumgart, 1959; Smithsonian Institution,
2013

NZ Herald, 1909; cited in Hamilton and Baumgart, 1959; Smithsonian
Institution, 2013

Evening Post, 1923;cited in Hamilton and Baumgart, 1959; Smithsonian
Institution, 2013

Evening Post, 1924; cited in Hamilton and Baumgart, 1959; Smithsonian
Institution, 2013

Grange, 1927; cited in Hamilton and Baumgart, 1959; Smithsonian Institution,
2013
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Appendix A2

Volcanological history of Whakaari (White Island volcano). Events and periods of activity used in Figure 3.2, modified after Letham-Brake, 2013.

Date

1.-3.Sep. 1928

2. Apr. 1933

before Jan. 1947
Jan. 1955

11. Dec. 1957
Dec. 1958

14.- 20. Dec. 1959
15. Dec. 1962

13. Nov. 1966 -
Mar. 1967

27.Jan. 1968 -
Feb. 1969

Aug. - Sep. 1969

Type of activity

Phreatic tephra eruption

Phreatic tephra eruption

Phreatic tephra eruption
Phreatic tephra eruption
Phreatic tephra eruption
Phreatic tephra eruption
Phreatic tephra eruption
Phreatic tephra eruption

Phreatic tephra eruption

Phreatic tephra eruption

Phreatic tephra eruption

30. Jun. 1970 (30 d) Phreatic tephra eruption

Erupted Volume
(m3)

5.0x105

5.0x107

5.0x106
5.0x106
5.0x106
5.0x105
5.0x106
5.0x107
5.0x107

5.0x107

5.0x106
5.0x106

References

NZ Herald, 1928; cited in Hamilton and Baum gart,1 959; Smithsonian
Institution, 2013

Goosman, 1933; cited in Hamilton and Baumgart, 1959; Smithsonian
Institution, 2013

Cole and Nairn, 1975; Smithsonian Institution, 2013
Cole and Nairn, 1975; Smithsonian Institution, 2013
Cole and Nairn, 1975; Smithsonian Institution, 2013
Cole and Nairn, 1975; Smithsonian Institution, 2013
Cole and Nairn, 1975; Smithsonian Institution, 2013
Cole and Nairn, 1975; Smithsonian Institution, 2013
Cole and Nairn, 1975; Smithsonian Institution, 2013

Cole and Nairn, 1975; Smithsonian Institution, 2013

Cole and Nairn, 1975; Smithsonian Institution, 2013
Cole and Nairn, 1975; Smithsonian Institution, 2013
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Appendix A3

Volcanological history of Whakaari (White Island volcano). Events and periods of activity used in Figure 3.2, modified after Letham-Brake, 2013.

Date Type of activity Erupted Volume References
(m3)
9. Apr. 1971 (+3d) Phreatic tephra eruption 5.0x106 Cole and Nairn, 1975; Smithsonian Institution, 2013
19.- 20. Jul. 1971 Phreatic tephra eruption 5.0x106 Cole and Nairn, 1975; Smithsonian Institution, 2013
8.Sep. 1974 (+ 10d) Phreatic tephra eruption 5.0x106 Clark and Cole, 1976 cited in Clark and Cole, 1989; Smithsonian
Institution, 2013
18. Dec. 1976 - Phreatic, phreatom. and 5.0x107 Houghton and Nairn, 1989a; Houghton and Nairn,1991;
29 Jan. 1982 strombolian tephra eruption Smithsonian Institution, 2013
26. Dec. 1983 - Phreatic tephra eruption 5.0x106 Houghton and Nairn, 1989a; Houghton and Nairn,1991;
12. Feb. 1984 Smithsonian Institution, 2013
1. Feb. 1986 - Phreatic and phreatom. 5.0x107 Smithsonian Institution, 2013
28.Jul.1994 tephra eruption
28.-29.Jun. 1995 Phreatic tephra eruption 5.0x105 Smithsonian Institution, 2013
28.- 29. Mar. 1998 Phreatic tephra eruption 5.0x105 Smithsonian Institution, 2013
22. Aug. 1998 - Phreatom. tephra eruption 5.0x106 Smithsonian Institution, 2013
Aug. 1999
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Appendix A4

Volcanological history of Whakaari (White Island volcano). Events and periods of activity used in Figure 3.2, modified after Letham-Brake, 2013.

Date Type of activity Erupted Volume References
(m3)
7. Mar. 2000 - Phreatom. tephra eruption 5.0x107 Smithsonian Institution, 2013
5 Sep. 2000
19. Feb . 2001 Phreatic tephra eruption 5.0x106 Global Volcanism Program 2014; Smithsonian Institution, 2013
5. Aug. 2012 - Phreatic and phreatom. 5.0x105 Global Volcanism Program 2014
2013 tuff-cone forming tephra

and magmatic dome-
forming eruption
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Appendix B

Bulk X-ray diffractograms of investigated samples from Solfatara crater (S1-S3) and Pisciarelli

fumarole (P1-P3).
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