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Kurzfassung

Die Oberflache unseres Planeten Erde wird, dhnlich wie bei anderen terrestrischen
Planeten unseres Sonnensystems, zu einem signifikanten Teil durch vulkanische Prozesse
geformt. Aufsteigende Gesteinsschmelze (Magma), gebildet im Bereich des oberen
Erdmantels und der unteren Erdkruste (Tiefe von bis zu wenigen 100 km), dringt aufgrund
ihrer geringeren spezifischen Dichte an die Erdoberfliche und mindet in einem
Vulkanausbruch. Hierbei lassen sich zwei grundlegend verschiedene Ausbruchsarten
unterscheiden: explosiv und effusiv. Entscheidende Parameter stellen hierbei vor allem die
chemische Zusammensetzung des Magmas dar (Gasgehalt, Viskositdt und Feststoffanteil wie
Kristalle). Diese kennzeichnenden Eigenschaften entscheiden, wie schnell Magma sich
verformen, d.h. auf externen und internen Druck reagieren kann. Bei zu starker
Deformationsrate fragmentiert Magma und kommt als pyroklastisches Auswurfsmaterial zu
Tage (explosiv). Pyroklasten unterteilt man je nach KorngréRe in Asche (< 2 mm), Lapilli (2-
64 mm) und Bomben (> 64 mm).

Vulkanasche hat atmospharische Verweilzeiten, die von Tagen bis Monaten reichen,
und kann sich durch Windzirkulationssysteme kontinental oder auch global ausbreiten.
Insbesondere vulkanische Asche birgt aufgrund ihrer physikalischen, chemischen und
mechanischen Eigenschaften mehrere potenzielle Gefahren fiir Mensch und Umwelt. Dies
sind beispielsweise: (1) Aschepartikel kdnnen in die Atemwege eindringen und diese
beschadigen, (2) toxische Elemente wie Fluor oder Chlor kdnnen von der Ascheoberflache
gelost werden und in die Wasserversorgung eintreten, (3) kritische Infrastrukturobjekte wie
Stromleitungen konnen unter der Last der abgelagerten Asche zusammenbrechen oder (4)
Asche kann in Flugzeugturbinen eindringen und diese zum Uberhitzen und Totalausfall
bringen. Um humanitare und finanzielle Schaden moglichst gering zu halten oder gar zu
verhindern, gibt es mehrere Strategien. Eine ist das das Modellieren der Verbreitung von
Aschewolken in der Atmosphdre nach einem explosiven Vulkanausbruch. Anhand dieser
Modelle lasst sich vorhersagen, wann und wo mit wie viel Vulkanasche gerechnet werden
kann.

Ein Unsicherheitsfaktor bei der Modellierung von der Ausbreitung von Aschewolken
liegt in der potenziellen Aggregation und Disaggregation von Vulkanasche. Einzelne
Aschepartikel konnen sich in der Atmosphare aufgrund von hydrostatischen oder
elektrostatischen Kraften zu einem Verbund zusammenfinden (Aggregation), und fallen
aufgrund gednderter aerodynamischer Eigenschaften (héhere Masse) schneller aus der
Atmosphare als einzelne, nicht aggregierte Partikel (Priméarpartikel). Jedoch kénnen Aggregate
durch Kollisionen mit anderen Partikeln auch wieder aufbrechen (Disaggregation) und folglich
die primaren Einzelpartikel in der Atmosphare verweilen. Ein Beispiel fiir die Schwierigkeiten

bei der Vorhersage der Ausbreitung von Aschewolken, beeinflusst durch Aggregation, ist der
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Ausbruch der Vulkangruppe Eyjafjallajokull auf Island im Frihjahr 2010. Die tatsachliche
Aschebelastung des europdischen Luftraumes war flaichenmaBig weitaus geringer als
vorhergesagt wurde und der durch unnétige Luftraumsperrungen entstandene finanzielle
Schaden fir die Luftfahrtindustrie von rund 10 Mrd. € (Munich Re Versicherungsgruppe) hitte
erheblich geringer ausfallen kdnnen. Hierbei (2010) war die Nichtberilcksichtigung von
Ascheaggregation ein wichtiger Faktor, der zu einer Fehlvorhersage der Ascheausbreitung
fahrte.

Forschungsarbeiten (iber Ascheaggregation in den letzten Jahren, insbesondere seit
dem Ausbruch des Eyjafjallajokull in 2010, fihren zu einer stetigen Verbesserung der
Vorhersagemodelle. Ein erstes, in weiten Ansdtzen ganzheitliches numerisches
Vorhersagemodell, welches Teilbereiche der Ascheaggregation miteinschlieBt, wurde im Jahr
2016 vorgestellt. Die Wissenschaftliche Grundlagenarbeit in der vorliegenden Dissertation
dient dem Zweck, Ascheaggregation und Disaggregation besser zu verstehen und sie somit
intensiver in Vorhersagemodelle einflieRen zu lassen. Diese wirden dadurch weiter
verbessert und akkurater werden.

Experimentelle Studien sind Hauptbestandteil dieser Dissertation und beschaftigen
sich mit der Fahigkeit von Partikeln, unter bestimmten Umwelteinfliissen zu aggregieren und
somit  beschleunigt aus der Atmosphdre auszufallen. Mittels industrieller
Granulationstechnologie (Wirbelschichtverfahren) in Kooperation mit Glatt Ingenieurtechnik
GmbH, Weimar, Deutschland, wird Ascheaggregation im Labor simuliert. Experimentelle
Aggregate werden sowohl aus natirlicher Vulkanasche der Laacher See Eruption (Eifel,
Deutschland) sowie Kalknatron-Glaskigelchen (Analogmaterial) hergestellt. Als fllssige
Bindemittel zur Etablierung der interpartikuldren, hydrostatischen Adhasionskrafte dienen
H,0, HCI und H,S0a4, welche gleichzeitig die drei am haufigsten auftretenden Gase wahrend
Vulkaneruptionen darstellen. Als zusatzliches Feststoffbindemittel werden CaSO4 und NacCl
verwendet. Dies sind chemische Verbindungen, die typischerweise auf Vulkanasche und auch
in natdrlichen Aggregaten nachgewiesen werden. Eine Abhangigkeit der Aggregationseffizienz
von relativer Luftfeuchte, KorngréRe, Kornmorphologie, Temperatur, Stokes Regime und
Reynolds Zahl kann experimentell festgestellt werden. Des Weiteren lassen sich
unterschiedliche strukturelle und texturelle Eigenschaften, welche in natirlichen
Ascheaggregaten beobachtet werden, unter bestimmten Bedingungen im Labor nachstellen.

Experimentell hergestellte Aggregate werden mit Hilfe von optischen (Mikroskopie),
chemischen (Oberflichenauslaugung) und elektronischen (Rasterelektronenmikroskop)
Analysemethoden hinsichtlich ihrer chemischen und physikalischen Eigenschaften
charakterisiert. Beispielsweise belegen die analytischen Ergebnisse die Fahigkeit von Sduren
wie HCI, chemische Verbindungen wie Halite (z.B. NaCl), aber auch umweltschadliche
Substanzen wie Fluor aus der Vulkanasche zu I16sen und auf ihrer Oberflache freizusetzen. Die
durch chemische Reaktionen entstandenen Salze fungieren weiterhin als Zement fir
Aggregate und verleihen diesen ihre Stabilitdt. Salze und andere I6sliche Verbindungen
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werden in Gegenwart von einem Losungsmittel wie Wasser als Salz-Wasser-Losungen Uber
Partikeloberflachen transportiert. Kapillarkrafte ziehen die Salz-Wasser-Losungen zu den
Partikel-Partikel-Kontaktpunkten, an denen sich wdhrend eines eventuellen
Trocknungsprozesses stabile Salzbriicken bilden. Die GroBe dieser Feststoffbriicken ist
abhangig vom verfligbaren Salz und ist ausschlaggebend Uber die Stabilitdt der Aggregate.

Neben der grundsatzlichen Fragestellung, unter welchen Umstanden Aschepartikel
aggregieren, ist es auch wichtig, die Disaggregation zu betrachten. Momentan (2017)
behandeln numerische Vorhersagemodelle aggregierte Aschepartikel als Material, welches
zwangslaufig aus der Atmosphare ausfallt und sich nicht weiter ausbreiten kann. Jedoch sind
Ascheaggregate sehr instabil und kénnen durch Kollisionen mit anderen Partikeln oder
Aggregaten wieder in seine Einzelbestandteile (Priméarpartikel) aufbrechen. Aufgrund ihrer
viel geringeren Masse konnen die Primarpartikel weiterhin in der Atmosphare verweilen und
werden somit nicht (wie von numerischen Modellen angenommen) abgelagert. Hinsichtlich
dieser Problematik wird in dieser Arbeit die Stabilitdt unterschiedlicher experimenteller
Aggregate untersucht. Aggregate mit jeweils verschiedenen Kornmorphologien (irregular
geformte Vulkanasche und sphérische Glasskiigelchen), KorngréBen und Salzkonzentrationen
(Bindemittel) werden mittels Impaktversuchen zerstort, wobei jeweils die exakte
Impaktenergie gemessen wird. Die Versuche zeigen, dass Aggregate mit hoher
Salzkonzentration und KorngrofSen bis zu 100 um am stabilsten sind. Die Kornmorphologie
zeigt keine signifikante Auswirkung auf die Aggregatstabilitat.

Erarbeitete Ergebnisse der experimentellen Studien zu Aggregation und Disaggregation
finden letztendlich Anwendung in einer Vergleichsarbeit zwischen vulkanischen,
experimentellen und meteoritischen (entstanden durch Impaktereignisse) Aggregaten.
Texturelle und strukturelle Gemeinsamkeiten und Unterschiede, deren Bedeutung
hinsichtlich der Entstehungsprozesse in der vorliegenden Arbeit erlautert wurde, dienen vor
allem der hypothetischen Betrachtung von Aggregation wahrend Impaktereignissen, welche
bis heute in der Natur noch nicht beobachtet werden konnten. Insgesamt gibt diese Arbeit
den Lebenszyklus eines Ascheaggregates von seiner Entstehung bis hin zur potenziellen
Ablagerung oder Zerstorung wieder. Dies erfolgt in experimentellen MaRstdben aber immer
in Betrachtung seiner Relevanz zur Natur. Forschungsergebnisse dieser Arbeit stellen einen
weiteren Baustein in der Verbesserung der numerischen Aschewolkenvorhersagemodelle dar,
vor allem hinsichtlich der Effizienz einzelner Partikel zu aggregieren und der resultierenden
Stabilitat der Aggregate und ihrem Potenzial abgelagert zu werden.
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Extended abstract

As on other terrestrial planets of our solar system, the surface of planet Earth is
significantly shaped by volcanic processes. Molten rock (magma)—formed in the Earth's upper
mantle and the lower crust (a depth of up to few 100 km)— ascends towards the surface of
the Earth due to its lower specific density compared to surrounding rocks. If and when it
reaches the surface, this molten rock is discharged by way of a volcanic eruption. Two majorly
different eruption types can be distinguished: explosive and effusive. To a large extent, the
propensity for one or other of these behaviors is controlled by the chemical composition of
the magma (gas content, viscosity and fraction of solids, such as crystals). These characteristic
properties control the ability of magma to deform, i.e. to react to internal and external
stresses. If the strain rate (i.e. the rate of magma deformation) is sufficiently high, magma can
break or fragments, to be erupted as pyroclastic ejecta material. Pyroclasts are subdivided
according to their grain size into ash (< 2 mm), lapilli (2-64 mm) and bombs (> 64 mm).

The atmospheric residence times of volcanic ash can range from days to months, and
can be distributed across continental or global scales as a consequence of prevailing wind
systems. Due to its chemical, physical and mechanical properties, volcanic ash poses several
particular threats to human health and the general environment. Volcanic ash hazards include:
(1) fine ash particles entering and damaging respiration systems; (2) toxic elements like
fluoride or chloride may be dissolved from the ash surface and enter water supply systems;
(3) critical infrastructure, such as power lines, may collapse under the weight of the
sedimented ash, and (4) ash particles may enter aircraft jet engines and cause failure through
overheating. Several mitigation strategies exist in order to minimize or—preferably—avoid
human and financial damage. One such strategy is dispersal modeling of ash plumes after an
explosive eruption: these models allow the forecast of when and where given amounts of
volcanic ash can be expected.

A critical uncertainty inherent in dispersal modeling of ash plumes lies within the
potential aggregation and disaggregation of volcanic ash. Due to hydrostatic or electrostatic
forces, single ash particles can cluster together to form compounds (aggregates) within the
atmosphere; this drastically alters their aerodynamic properties (increased mass) which
makes them fall out of the atmosphere faster than non-aggregated particles (primary
particles). However, by colliding with other particles, aggregates can break up again
(disaggregate) and hence remain in the atmosphere as single, primary particles. One example
for the difficulty of forecasting ash plume dispersal, influenced through aggregation, is the
spring 2010 Eyjafjallajokull eruption in Iceland. The actual ash concentration in the European
airspace was much less than predicted, and financial loss caused to airline industries (10
billion €: Munich RE insurance group) through unnecessary airspace closures could have been
much lower. Neglecting ash aggregation throughout this event was a major factor leading to
errors in plume dispersal modeling.
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In recent years—especially since the 2010 Eyjafjallajokull incident—improved scientific
understanding of the parameters governing ash aggregation has led to significant
improvement in forecasting models. Indeed, in 2016 a numerical forecasting model was
released that represents the most extensive and comprehensive volcanic plume dispersal
model to date. Nevertheless, the parameters accounted for by the model are not exhaustive,
and it is acknowledged that there remains room for the integration of additional data,
especially with respect to ash aggregation and disaggregation mechanisms. Accordingly, the
fundamental research presented in this study is intended to provide a more complete
understanding of ash aggregation and disaggregation, so as to incorporate these processes
more explicitly into forecasting models, in turn improving the accuracy and utility of these
models.

Experimental studies comprise the main part of this dissertation, investigating the
capacity for particles to aggregate under certain environmental conditions and hence
prematurely settle out of the atmosphere. By using industrial granulation technology
(fluidized beds) in cooperation with Glatt Ingenieurtechnik GmbH, Weimar, Germany, ash
aggregation is mimicked in the laboratory. Experimental aggregates are produced using both
natural volcanic ash from the Laacher See eruption (Eifel Volcanic Field, Germany) and soda-
lime glass beads (analogue material). H,O, HCl and H,SOs— amongst the most prominent
gases emitted during volcanic eruptions—serve as liquid binders for the establishment of
inter-particle, hydrostatic attraction forces. As additional solid binder, CaSO4 and NacCl are
used. Both of these chemical compounds are typically found on volcanic ash surfaces and also
in volcanic ash aggregates. A dependency of aggregation efficiency on relative air humidity,
grain size, grain morphology, temperature, Stokes regime and Reynolds Number was
experimentally proven. Further, the re-production of diverse textural and structural
properties, present in natural ash aggregates, was possible.

Inordertoinvestigate their chemical and physical properties, experimentally-produced
aggregates were analyzed through optical (microscopy), chemical (surface leaching) and
electronical (Secondary Electron Microscopy) methods. Results show, for example, the
capability of acids such as HCl to leach chemical compounds like halites (e.g. NaCl)—or
environmentally hazardous elements like fluoride—out of volcanic ash, thereafter releasing
them on the ash surfaces. Halites produced through these chemical reactions serve as a
cementation agent for aggregates and grant them stability. Halites and other soluble
compounds are transported as salt-water brines (in presence of a solubility agent such as
water) along the particle surface. Capillary forces pull the salt-water solution to particle—
particle contacts, at which points stable salt bridges establish during the drying processes. The
size of these solid bridges is dependent on the available salt and comprises a controlling factor
on the stability of aggregates.

Besides the fundamental problem under which circumstances ash particles aggregate,
it is further important to investigate disaggregation processes. Currently (2017), numerical
Xl
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plume forecasting models treat aggregated ash particles as matter which is forced to
prematurely fall out from the atmosphere and not disperse any further. However, ash
aggregates are highly unstable and may break up into their primary particles upon collisions
with other particles or aggregates. Due to their lower mass, primary particles may then remain
in the atmosphere and, contrary to the existing model assumptions, will not be sedimented.
With respect to this problem, the stability of diverse experimental aggregates is studied in this
dissertation. Through impact experiments, aggregates with differing grain morphologies
(irregularly shaped ash grains and spherical glass beads), grain sizes, and salt concentrations
(solid binder) are destroyed and the exact impact energy is measured. Experiments highlight
that aggregates with high salt concentrations and coarse grain sizes of up to 100 um tend to
be the most stable. Grain morphology was not seen to exert significant influence on aggregate
stability.

Experimental results on particle aggregation and disaggregation are finally applied in a
multi-disciplinary, comparative study concerning volcanic, artificial, and meteorite impact-
related particle aggregates. Textural and structural commonalities and differences between
aggregates—the interpretations and implications of which are explained throughout this
dissertation—afford a hypothetical view of aggregation processes arising during major impact
events that have not, to date, been witnessed by humans. In total, this dissertation reflects
the entire life cycle of an ash aggregate, from its generation to its potential sedimentation or
destruction. While examining mechanisms on experimental scales, this thesis interrogates
aggregation and disaggregation of volcanic ash with respect to the processes and scales
encountered in nature. Scientific results of this study offer another component for the
guantitative improvement of numerical ash plume forecasting models, especially concerning
the propensity for particles to aggregate and their resulting stability and potential to
sediment.
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Preamble

Chapter | serves as a literature review about particle aggregation in different fields of
science. Chapter Il is published in Earth and Planetary Science Letters. Only slight
modifications have been done in order to adapt formatting to overall dissertation design.
Chapter lll is published in Scientific Reports. Only slight modifications have been done in order
to adapt formatting to overall dissertation design. Chapter IV is published in Scientific Reports.
Only slight modifications have been done in order to adapt formatting to overall dissertation
design. Chapter V is published in Bulletin of Volcanology. Only slight modifications have been
done in order to adapt formatting to overall dissertation design. Chapter VI serves to re-
capture significant findings of this thesis and gives an outlook about future work.
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break-up processes. Scientific Reports 7:7440.
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Figure I.1: Aggregation in different scales: upper left: aggregation of solar systems forming the Milky
Way (source: collective-evolution.com); upper right: dust accretion forming our solar system (source:
universetoday.com); center: artistic impression of an atom: aggregation of photons, electrons and
neutrons — representing the ultimate component building up the entire universe (source:
fineartamerica.com); lower left: accretion of populated areas in central Europe seen from space
(source: nasa.gov); lower right: accretion of fish forming a shoal (source: wired.com).
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1.1 Volcanic Ash Aggregation

Explosive volcanic eruptions are events capable of releasing volcanic material into the
atmosphere (on the order of km*® dense rock equivalent, DRE). Primary fragmentation
processes during a given eruption reflect a combination of rapid magma decompression and
bubble overpressure (Zheng, 1999; Melnik et al., 2004), explosive vesiculation (Sparks, 1978),
and strain-induced fragmentation (Dingwell, 1996; Papale, 1999). During primary
fragmentation, magma changes from being a continuous liquid containing gas bubbles (and
crystals) to being a continuous body of gas containing droplets of the bubbly magma
(pyroclasts). Pyroclasts smaller than 2 mm in diameter are referred to as volcanic ash (Fisher,
1961) and have the potential to remain in the atmosphere for days to weeks (Rose and Durant,
2009). Consequently, ash can be transported over continental or hemispherical scales
following explosive volcanic eruptions, dependent on the details of atmospheric circulation.
Volcanic ash poses hazards to the aviation industry by melting in jet turbines (Casadevall,
1994; Prata and Tupper, 2009; Bonadonna et al., 2012), to human health by entering
respiration systems (Horwell and Baxter, 2006), to the environment (Ayris and Delmelle, 2012;
Wardman et al., 2013) and agriculture (Wilson et al., 2010; Wilson et al., 2011), as well as to
society in general by damaging infrastructure (Wilson et al., 2012). It is important here to note
that most of the above described hazards are associated with human systems that have
developed on volcanically short timescales. Volcanic ash clearly also may have positive effects
for agriculture or ecosystems in general: life on Earth evolved in the presence of volcanism.

Under given conditions—in plumes or pyroclastic density currents (PDCs: collapsing
and ground-hugging ash plumes)—ash particles can cluster together to form aggregates.
Particle-particle contact is either established by crossing particle trajectory lines and
coincidental collisions or up to three basic, primary attraction forces: hydrostatic or
electrostatic attraction forces and Van der Waals forces (Salman et al., 2006). All three types
of attraction forces are briefly presented below; the focus of the work presented in this
dissertation however is on ash aggregation as a consequence of mainly hydrostatic attraction
forces, causing liquid surface tension bonding between particles (wet aggregation).

A prerequisite for hydrostatic attraction and subsequent bonding of particles is the
presence of liquid, such as H,0, on their surfaces. Liquid bonding may establish between two
colliding ash particles, which may stick together and dissipate rebound forces upon contact
(Ennis et al., 1991). Hydrogen bonding of H,O molecules occurs as an effect of the high
electronegativity of oxygen relative to hydrogen atoms, which leads to an imbalance of the
molecule’s electron distribution. This imbalance creates positive and negative poles (polarized
covalent binding) within the molecule (dipoles). Interaction between negative and positive
dipole poles causes molecules to bridge together: a phenomenon referred to as hydrogen
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bonding (Mortimer and Mueller, 2007). Hydrostatic attraction is constant in its force up to a
particle separation distance of approximately 10 nm, where after attraction quickly decays to

zero (Fig. 1.2).
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Figure 1.2: adhesive forces of hydrostatic, electrostatic and Van der Waals forces depending
on respective particle separation distances. Hydrostatic attraction forces are strong but only
on short distances. Electrostatic and Van der Waals attraction forces are initially strong on
short distances but decay quickly. Figure modified after Salman et al. (2006).

Electric charging of ash is achieved via fragmentation mechanisms, ash interactions with water
or size dependent charge separation (Mather and Harrison, 2006). Charging through
fragmentation has to be distinguished into 1) tribo-electrical or frictional charging and 2)
fracto-emission or fracto-charging. In the first case, transfer of electric charges from one
particle to the other may occur due to different work functions of the two particles (Matsusaka
and Masuda, 2003; McCarty and Whitesides, 2008; Matsusaka et al., 2010; Alois et al., 2017);
in the second case, particles such as electrons, positive and negative ions, and neutral atoms
are emitted following rock fracture, in tandem with the emission of electromagnetic radiation.
Separation of charge on a fracturing rock surface forms an electric field that liberates
exoelectrons. The consequence is disequilibrium of electrons on fractured rock particles,
resulting in them being positively or negatively charged (Dickinson et al., 1984, Mather and
Harrison, 2006).

Electric charging of ash particles through water interactions was first indicated by
Bjornsson et al. (1967) through laboratory experiments, after Anderson et al. (1965) measured
electrification of ash during the 1963 phreatic eruption of Surtsey off the coast of Iceland.
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Electrical charging in this instance arises through the volatilization of sea salt particles by the
hot rock, which serves to carry positive charge away. This concept can obviously also be
applied on surficial ash salts produced by other mechanisms, such as diffusion driven
precipitation during ash-acids interactions (Ayris et al., 2014).

Due to the non-existence of a conductive path to Earth within volcanic ash plumes,
charges remain preserved on fractured particles. Electric charging of pyroclasts together with
fall velocity differences of neighboring pyroclasts in the atmosphere are sufficient to lead to
particle aggregation based on electrostatic attraction. Electrostatic attraction forces decay
non-linearly (1/d? relationship) in their strength with increasing distance between two single
particles (Fig. 1.2). Electrostatically charged particles of a 100 um diameter can attract particles
in a range of up to three times their own diameter; this dimensionless range of attraction
increases with decreasing particle diameter: 10 um particles may attract other particles in a
range of up to ten times their own diameter, and 1 um diameter particles may attract other
particles within a range of around 30 um, i.e. thirty times its own diameter (Salman et al.,
2006; Gilbert and Lane, 1994; Gilbert et al., 1991).

Van der Waals forces are weak but omnipresent attraction forces, describing the force
between two dipoles of molecules or atoms (the sum of their attractive or repulsive
interactions). They decrease with increasing particle separation distance and are only relevant
for distances smaller than 100 nm (Fig. .2, Mortimer and Mueller, 2007).

Numerous field, experimental and numerical studies were carried out in the past two
decades in order to shed light on the various parameters controlling ash aggregation. Besides
coincidental particle collisions through crossing particle trajectories, several studies suggest
hydrogen attraction forces to be the second most important mechanism leading to first
contact and subsequent bonding and aggregation of particles; this is proposed in both field
studies concerning ash aggregates (Moore and Peck, 1962; Self and Sparks, 1978; Sorem,
1982; Hayakawa, 1990; Watanabe, 1999; Trusdell et al., 2005; Branney et al., 2008;
Bonadonna et al., 2011) and in numerical aggregation models (Rosi, 1991; lveson et al.,
2001a,b; Veitch and Woods, 2001; Costa et al., 2010; Folch et al., 2010). Laboratory-based
experiments provide proof that liquid bonding is a major player in ash aggregation efficiency
(Gilbert and Lane, 1994; Schumacher and Schmincke, 1995; Telling and Dufek, 2012; Van Eaton
et al., 2012; Telling et al., 2013). However, due to their much larger range of action,
electrostatic forces also play an important role in attracting particles to each other (Brazier et
al., 1982; Schumacher and Schmincke, 1995; Bonadonna et al., 2002). Since electric charging
within volcanic plumes is a well-known phenomenon (Cimarelli et al., 2013), far-reaching
electrostatic forces could be an important mechanism causing collision of particles that would
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otherwise follow separated trajectories. Notably, the importance of Van der Waals attraction
forces in the field of volcanic ash aggregation has not yet been reported.

Experiments have shown that particles bound by either electrostatic or hydrostatic
bonding forces are not sufficiently strong enough to resist impact forces during sedimentation
processes (e.g. James, 1999; James et al., 1998, 2000, 2002). As volcanic ash aggregates are a
common occurrence in eruption deposits, stronger binding mechanisms—such as
cementation—have been postulated to make aggregates survive high-energy volcanic
environments or sedimentation processes. On ash surfaces, a variety of salts can precipitate,
predominantly NaCl or CaSO4 (Witham et al., 2004; Ayris et al., 2014), which will partially
dissolve under the influence of external liquids. During evaporation of liquids, re-
crystallization of dissolved salts can strengthen the ash aggregate. Cementation through
surface salts has been described for several ash aggregates (Sheridan and Wohletz, 1983;
Tomita et al., 1985; Gilbert and Lane, 1994; Brown et al., 2010; Scolamacchia and Dingwell,
2014).

In the event of successful particle aggregation, aggregates may be subsequently
deposited during or after volcanic eruptions, thereafter to be collected and analyzed (Brown
et al.,, 2012 and references therein). Aggregates range from um to a few cm in diameter, with
electrostatically bound aggregates rarely growing larger than 1 mm in diameter (Bonadonna
et al.,, 2011). This manuscript adheres to an aggregate classification scheme proposed by
Brown et al. (2012), Fig. 1.3. It consists of two categories of ash aggregates, which further
divide into five sub-categories: the two main categories are particle clusters (PC) and
accretionary pellets (AP). PC aggregates are sub-divided into ash clusters (PC1) and coated
particles (PC2). Ash clusters are fragile, irregular shaped and commonly disaggregate on
deposition. Aggregate densities are generally less than 200 kg.m3 due to their loose
compound structure. PC1 aggregates are in the range of a few mm in diameter. Coated
particles are comprised of a crystal (fragment) or clast and are (partially) covered in ash
particles. PC2 aggregates can significantly vary in size, from mm to several cm in diameter. The
surrounding ash coating can be irregular in its thickness but usually never exceeds a few mm.
Accretionary pellets, on the other hand, can be divided into poorly-structured pellets (AP1),
accretionary pellets (AP2) and liquid pellets (AP3). AP1 aggregates have sub-spherical to
spherical shapes; the aggregated particles are packed more densely than PC type aggregates,
which ultimately results in higher aggregate densities (up to 1600 kg.m3). AP1 aggregates
show size ranges of several mm and are rarely larger than 1 cm in diameter. AP2 compounds
are sub-spherical to spherical and show complex internal structures with a massive or poorly-
structured ash core, surrounded by one or more fine grained, concentric rims. AP2 aggregates
range in size from several mm up to few cm in diameter. Sampling and analysis of ash

6



Chapter I Introduction

aggregates allows for the reconstruction of certain eruptive processes (see also chapter 1.2),
making them important telltale indicators.

Figure 1.3: overview of volcanic ash aFgregate types, following the scheme of Brown et al.

(2012). a) shows a SEM image of a loosely-bound, artificial ash cluster (PC1) with a few
hundred um in diameter. b) shows a thin section of an irregular, unstructured ash cluster (PC1
several mm in diameter from the Eifel Volcanic Field, Germany. c) shows a x-ray compute
tomography (x-ray CT) of a coated particle (PC2), Sahand Volcano, Iran. d) shows a x-ray CT
image of a poorly structured pellet: in comparison to b), it is denser, has a sub-spherical shape
and a more confined particle size distribution (PSD). Sample is from the Astroni Crater, Italy.
e) shows an accretionary pellet (AP2) which shows a spherical shape and an inner partitioning
into a coarse-grained core and a fine grained, concentric outer rim. Pellet sampled from
Stromboli, Italy. f) shows remnants of a liquid pellet (AP3). Pellet from the 2010 Eyjafjallajokull
eruption, Iceland. Image f) given with the courtesy of Costanza Bonadonna.

Various formation mechanisms for the internal stratification of AP type aggregates
have been proposed in the past. Gilbert and Lane (1994) present two possibilities based on
recirculating wind tunnel experiments: (1) in-plume scavenging of particles through falling
liquid drops: internal drop circulation within drops of a stable shape will assign differing
mobility to different particle sizes, causing particle size dependent structuring of the growing
aggregate; (2) growing aggregates traverse plume regions containing different grain size
populations, which again causes the generation of concentric structures (a theory previously
proposed but never proofed by various authors such as Moore and Peck, 1962; Reimer, 1983;
Sheridan and Wohletz, 1983). A similar conclusion is drawn by Van Eaton et al. (2012):
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following wet aggregation experiments with ash, they suggest concentric structuring to be
generated when a pre-existing PC type aggregate is transported through a dominantly fine
grained plume region, in order to amass a fine-grained rim. In a follow-up study, Van Eaton et
al. (2015) suggest that aggregate growth is arrested once they reach the freezing isotherm
(which may reach -70°C in the presence of sulphuric acid). In this case liquid bonding is
precluded; however, falling, hailstone-like aggregates may be re-entrained into warm plume
areas which could lead to additional stages of wet growth and layering. Ice nucleation and
hydrometeor-enhanced tephra sedimentation has been proposed previously by Durant et al.
(2009). The generation of internal structures in AP aggregates in combination with PDCs
(Pyroclastic Density Currents) has been proposed by numerous field studies: during the
1957/1958 Capelinhos eruption (Azores), PDCs were observed to move through falling tephra
and deposit accretionary lapilli afterwards. Contrastingly, fall deposits from this eruption only
contain unstructured particle clusters. Cole et al. (2001) hypothesize that PDCs moving
through ashfall columns can pick up particle clusters and rework them into accretionary lapilli.
Similarly, Brown et al. (2010) describe the formation of accretionary pellets within the Bandas
del Sur PDC deposits on Tenerife: structureless ash pellets, formed in co-ignimbrite ash clouds,
fall into deep layers of an ongoing PDC and act as a nucleus or core; turbulence within the PDC
then fosters accretion of fine-grained, concentric laminations around the ash pellet. The
uppermost layers of the Bandas del Sur deposits, in contrast, only contain particle clusters
without any concentric laminations. Similar field observations and accretionary pellet
formation is described by Van Eaton and Wilson (2013) for Oruanui deposits, New Zealand.
Finally, Schumacher and Schmincke (1995) suggest a change of binding forces from hydrogen
to electrostatic bonding to be responsible for internal structuring of accretionary pellets.

1.2 Volcanic ash as a hazard and why aggregation matters

As briefly mentioned above, due to its physical and chemical attributes, volcanic ash
may pose an abundance of hazards to human activities that have developed on timescales
shorter than ash fall repeat times and therefore do not have ash resilience designed in. Several
strategies for the mitigation of volcanic ash risks do exist and are continuously improved; they
span from local to international organizations: co-operations of communities with national
agencies such as the United States Geological Survey (USGS) or the Istituto Nazionale di
Geofisica e Vulcanologia (INGV) in Italy offer training and public awareness schemes to inform
population about natural risks, their potential consequences and how to behave in case of an
emergency (e.g. Hill et al., 2002). Another tool to mitigate the risk of volcanic ashfall, achieved
on national to international levels, is the forecasting of ash plume dispersal during ongoing
eruptions. Early warnings of potentially affected areas or closures of airspace to air traffic can
decrease economic losses due to ash impact and more importantly, protect human life (e.g.
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Scollo et al., 2009, Bonadonna et al., 2012). Ash plume forecasting methods are improved,
applied and communicated by universities and national and international organizations, such
as the United Kingdom Meteorological Office (UK Met Office) or the globally-organized
Volcanic Ash Advisory Centers (VAACs).

Though ash plume dispersal modeling provides a powerful tool for volcanic ash risk
mitigation, it has to cope with many uncertainties. One of the most critical uncertainties is the
process of ash aggregation: aggregated particles are heavier as a compound than their
respective non-aggregated counterparts. This changes their aero-dynamical behavior and
provokes premature fallout (Lane et al., 1993; Le Roux, 2014), which may significantly alter
plume dispersal (an effect referred to as secondary thickening, Fig. |.4; see also Durant et al.,
2009, Mastin et al., 2016). Plume dispersal is further dependent on various other factors, such
as Eruption Source Parameters (ESP). These provide the crucial input for tephra dispersal
models and have been studied in detail for several eruptions, e.g. the July 2013 eruption of
Tungurahua (Parra et al., 2016) and the 6™ May 2010 Eyjafjallajékull eruption (Gudmundsson
et al., 2012; Bonadonna et al., 2011); a summary of ESPs for more than 30 eruptions over the
past 30 years is provided by Mastin et al. (2009). Ash dispersal further depends on wind and
weather conditions (e.g. Costa et al., 2010; Durant et al., 2009; Mastin et al., 2009). Of
particular interest for ash plume forecasting models is the eruption mass composed of fine
ash (particles with a diameter < 63 um), e.g. Parra et al. (2016), which has the potential to stay
in ash clouds for days to weeks. Numerical ash plume forecast models struggle with the
implementation of particle aggregation, due to high uncertainties in how ESPs and
atmospheric parameters affect aggregation efficiency. The first model to implement ash
aggregation is provided by Folch et al. (2016), using the FPLUME-1.0, a steady-state 1-D (one-
dimensional) cross-section-averaged eruption column model based on the buoyant plume
theory (BPT: e.g. Costa et al., 2016 and references therein). FPLUME-1.0 incorporates ESPs
such as eruption start time and duration, vent coordinates and elevation, conditions at the
vent (exit velocity of pyroclasts, magma temperature, magmatic water mass fraction and total
grain size distribution: TSG), mass eruption rate, and plume conditions (total column height,
plume bending, entrainment of ambient moisture, the influence of water phase changes on
the energy budget, particle fallout and re-entrainment by turbulent eddies, variable
entrainment coefficients fitted from experiments). Particle aggregation is regarded in the
presence of liquid water or ice that depends on plume dynamics as well as the amount of
liquid water and ice existing in the plume. Wet particle aggregation is predicted to happen in
plume regions where water vapor (of magmatic origin or entrained moist air) encounters
condensation and deposition conditions (Costa et al.,, 2010; Folch et al., 2010). The
implemented aggregation model is based on the work by Costa et al. (2010) and neglects dry

aggregation or disaggregation processes. Further deductions had to be made in aggregation
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modeling, such as water being the only liquid binding agent or aggregation only involving
particles of a certain size class; these simplifications are due to a lack of quantitative data for
further calibration. One of the fundamental aims of this study is to provide datasets that allow
improved usage of ESPs in dispersion modeling by explicitly accounting for the mechanisms of

ash aggregation and disaggregation.
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-3 Aim, approach and structure of this study

Recent ash plume dispersal models implement ash aggregation processes and have
significantly improved ash plume forecasting. Fundamental research in the field of volcanic
ash aggregation is now required to further advance numerical simulations like FPLUME-1.0, as
outlined in the preceding section. Specific ESPs—such as particle size distribution (PSD),
particle morphology, humidity or gas release—must be applied to gather valuable information
about ash aggregation efficiency and the probability of aggregate sedimentation. This study
aims to define critical Eruption Source Parameters for ash aggregation by experimentally
investigating the entire lifecycle of wet ash aggregates: from formation mechanisms and
parameters controlling aggregation efficiency, to particle surface processes such as
cementation, up to final deposition or disaggregation and possible re-entrainment of primary
particles into the atmosphere. Finally, these experimental results are validated and applied to
aggregates formed during volcanic eruptions and meteorite impact events.

The experimental approach of ash aggregation of this study is achieved through the
utilization of industrial powder aggregation technology at Glatt Ingenieurtechnik GmbH,
Weimar, Germany. Particle aggregation is a crucial procedure in several industrial sectors, in
particular in the food, feed, pharmaceutical, fertilizer, detergent, and mineral processing
industries. A widely-used aggregation technique is fluidization of particles. Solid particles are
hereby placed in a vessel. To generate a fluidized bed of particles, drag forces exerted by
externally introduced fluids have to exceed the particles’ total weight. Above minimal
fluidization velocity, particles behave like a liquid. Single particles follow stochastic
streamlines (Salman et al., 2006). A nozzle is installed to deliver an atomized spray of binder
liquid (e.g. a NaCl-H,O mixture) into the fluidized bed. Binder droplets can adhere to particle
surfaces and upon evaporation precipitate small crystals of binder material (such as e.g. NaCl
crystals) on the particle surface. In a second fluidization step, higher spray rates of liquid
binder allow for the establishment of liquid bridging and actual aggregation between particles.
Cutting off the feed of binder liquid and subsequent drying transforms liquid bridges into solid
bridges, comprising previously-deposited binder material. Particle formation in fluidized beds
can be expressed in terms of population balance, which describes temporal changes of particle
property distributions. Particle size enlargement through agglomeration is crucially controlled
by operating conditions such as moisture, granulometry, process time, pneumatics or thermal
conditions (Smith and Nienow, 1983; Banks and Aulton, 1991; Watano et al., 1996; Iveson et
al., 1998; Turton et al., 1999; Uhlemann and Maorl, 2000). Industrial powder processing allows
the control of abundant operation parameters, affording the opportunity to investigate the
influence of specific parameters on particle aggregation. Different ESPs are thus simulated by
adjusting the various operation conditions.
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The following paragraphs will give a short outline of the coming chapters of this study
and their position regarding the full life cycle of volcanic ash aggregates. Chapter Il of this
dissertation has been published in Earth and Planetary Science Letters (2016) and deals with
the fundamental question of whether natural volcanic ash aggregates can be reproduced in
the lab, as well as addressing the effect of various external parameters on aggregation
efficiency. Experimental aggregation experiments were performed at Glatt Ingenieurtechnik
GmbH, Germany. Via the use of fluidization technology, the study investigates the effects of
binder concentration, humidity, PSD and primary particle morphology on aggregation
efficiency. These are valuable results that can, in combination with ESPs, be a powerful tool
for the prediction of ash aggregation efficiency during ash-rich volcanic eruptions. Moreover,
the chapter explores the causes for the formation of different types of aggregates—as
presented by Brown et al. (2012)—such as particle clusters (PC) or internally structured
accretionary pellets (AP). By adapting a numerical model from Powder Science, the formation
processes and differing environmental plume conditions for PC and AP type aggregation are
explained. In turn this allows the use of these aggregates as forensic indicators for volcanic
eruption processes.

Chapter Il of this dissertation is under second revision in Nature Scientific Reports
(2017) and deals with primary particle (particles that constitute an aggregate) surface
processes in aggregates. This study focuses both on re-mobilization and cementation
processes of soluble salts, as well as on diffusion-driven precipitation of salts and other agents
on particle surfaces. Re-mobilization of soluble salts to particle-particle connection points
significantly enforces bridging and cementation of aggregates. Further, the effect of HCl on
phonolitic volcanic ash and glassbead surfaces is shown: diffusion-driven salt precipitation is
capable of causing immediate and in-situ particle aggregation. This study gives microscopic
insights into the pathways of surficial salt precipitation and particle aggregation mechanisms
in volcanic plumes.

Chapter IV of this dissertation is submitted to Nature Communications. It deals with
the potential end of an aggregate lifecycle: disaggregation processes. Besides the input of
aggregation parameters and processes (Chapter Il and Ill) into plume dispersal models,
disaggregation probabilities of aggregates prior to deposition is the second big uncertainty in
the field of modeling: what percentage of aggregated ash particles in plume dispersal models
can be removed from the atmosphere, and what proportion will break up again and be re-
entrained into the atmosphere as single, primary particles? The break-up behavior of
aggregates is evaluated through high-speed video monitoring, and the chapter further tests
the stability of aggregates against impact. Parameters such as impact energy, primary particle
size distribution and surface morphology and binder concentration are defined as crucial
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controls on aggregate strength. A model is proposed which combines a) the experimental
results presented herein on aggregate stability, b) aggregation parameters from Chapter Il and
[, and c) Eruption Source Parameters from the relevant literature (e.g. Mastin et al., 2009) to
predict ash removal from the atmosphere through aggregation.

Chapter V of this dissertation is in review at Bulleting of Volcanology. It serves both as
an overlook and roundup chapter, but also contains an outlook to a third field of aggregation
science. Besides the granulation industry and volcanology, particle aggregation is also present
in the field of meteorite impact science, where—similar to volcanology—aggregates are used
as telltale indicators for impact processes. During meteorite impact events, aggregates
preferentially form in the fallback ejecta curtains and are subsequently deposited. Impact-
related aggregates have been sampled from the 15 Ma Ries impact event in Bavaria, Germany.
Impact aggregates as well as a wide range of volcanic aggregates and artificial aggregates are
analyzed through SEM, X-ray computed tomography (CT) and thin sections, and investigated
for their commonalities and differences. Importantly, this interdisciplinary approach allows a
critical scrutiny of the different aggregate formation theories of each of these fields in the light
of the new experimental results presented in Chapters II-IV.

Chapter VI of this dissertation is not published and serves to recapture important
aspects of this doctoral thesis and give concluding remarks and an outlook for future work to
be done. Important questions raised and answered throughout this work are:

1. Isit possible to mimic natural aggregation processes in the lab?

2. Which environmental, physical and chemical parameters control aggregation
efficiency and to what extent?

3. What alternative aggregation mechanism could explain the generation of structural
differences in particle clusters and accretionary pellets?

4. Which physical, mechanical and chemical processes are happening during and
immediately before and after aggregation on particle surfaces and to what extent do
they control aggregate properties?

5. Deposition or not? What makes aggregates stable enough to survive falling through
the atmosphere without breaking up upon collisions and possibly remain in the
atmosphere as primary particles?

6. To what extent can experimental results be applied to explain structures and textures
in natural volcanic ash aggregates and meteorite impact related particle aggregates.
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7. Can findings from volcanology be applied to explain yet un-witnessed formation of

aggregates during major meteorite impact events?
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Chapter i

Experimental volcanic ash aggregation: internal structuring of
accretionary lapilli and the role of liquid bonding
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1.1 Abstract

Explosive volcanic eruptions can release vast quantities of pyroclastic material into
Earth’s atmosphere, including volcanic ash, particles with diameters less than two millimeters.
Ash particles can cluster together to form aggregates, in some cases reaching up to several
centimeters in size. Aggregation alters ash transport and settling behavior compared to un-
aggregated particles, influencing ash distribution and deposit stratigraphy. Accretionary lapilli,
the most commonly preserved type of aggregates within the geologic record, can exhibit
complex internal stratigraphy. The processes involved in the formation and preservation of
these aggregates remain poorly constrained quantitatively. In this study, we simulate the
variable gas-particle flow conditions which may be encountered within eruption plumes and
pyroclastic density currents via laboratory experiments using the ProCell® Lab System of Glatt
Ingenieurtechnik GmbH. In this apparatus, solid particles are set into motion in a fluidized bed
over a range of well-controlled boundary conditions (particle concentration, air flow rate, gas
temperature, humidity, liquid composition). Experiments were conducted with soda-lime
glass beads and natural volcanic ash particles under a range of experimental conditions. Both
glass beads and volcanic ash exhibited the capacity for aggregation, but stable aggregates
could only be produced when materials were coated with high, but volcanically-relevant
concentrations of NaCl. The growth and structure of aggregates was dependent on the initial
granulometry, while the rate of aggregate formation increased exponentially with increasing
relative humidity (12 — 45 % RH), before overwetting promoted mud droplet formation.
Notably, by use of a broad granulometry, we generated spherical, internally structured
aggregates similar to some accretionary pellets found in volcanic deposits. Adaptation of a
powder-technology model offers an explanation for the origin of natural accretionary pellets,
suggesting them to be the result of a particular granulometry and fast-acting selective
aggregation processes. For such aggregates to survive deposition and be preserved in the
deposits of eruption plumes and pyroclastic density currents likely requires a significant pre-
existing salt load on ash surfaces, and rapid aggregate drying prior to deposition or interaction
with a more energetic environment. Our results carry clear benefits for future efforts to
parameterize models of ash transport and deposition in the field.

19



Chapter Il Experimental volcanic ash aggregation

1.2 Introduction

Volcanic ash, fragments of juvenile lava, crystals and/or older rock units less than two
millimeters in diameter (Fisher, 1961), is produced in large quantities during explosive volcanic
eruptions. Fine volcanic ash (particle diameter, (pq4) <63um) can be distributed far away from
the eruptive vent by ash transport processes, where it may cause a plethora of hazards and
impacts (Dingwell et al., 2012). Under certain conditions within eruption plumes and
pyroclastic density currents, ash particles can cluster together to form ash aggregates that
range from micrometers to centimeters in size. Aggregates exhibit different aerodynamic
properties than the individual ash grains which comprise them, promoting their ‘premature’
sedimentation from the plume and decreasing their residence time within the atmosphere,
relative to the individual particles in isolation (Le Roux, 2014). Thus, ash aggregation may
influence ash distribution (e.g., Folch et al. 2010) and deposit stratigraphy (e.g., Durant et al.
2009).

Ash aggregates can be characterized using the terminology of Brown et al. (2012); this
prior study defined two classes of ash aggregates, particle clusters (PC) and accretionary
pellets (AP). Particle clusters are sub-divided into ash clusters (PC1) and coated particles (PC2),
while APs can be divided into poorly-structured pellets (AP1), accretionary pellets (AP2) and
liquid pellets (AP3). However, although field observations have evidenced the formation of all
of these subtypes, the aggregates most commonly preserved within the geologic record tend
to be AP1 or AP2. The AP1 aggregates are normally spherical or sub-spherical, ranging in
diameter from several 100 um to a few mm, and generally show poor internal structure. The
AP2 aggregates are similarly shaped, and can also grow to sizes of several mm; they consist of
a relatively coarse grained core and (possibly several) fine grained rims.

The presence of the AP1 and AP2 aggregates in deposits evidences their comparative
resilience to the highly energetic processes related to eruption dynamics and sedimentation
processes. This preservation is not universal, as field studies have also documented shattered
fragments of accretionary lapilli in deposits (Brown et al., 2010). However, our capacity to
interpret the presence, absence and particular features (e.g., internal stratigraphy or
granulometry) of aggregates within deposits as being indicative of particular eruption features
or characteristics is limited. This stems from the absence of a quantitative understanding of
the physical and/or chemical properties and in-plume boundary conditions which drive
aggregate formation, disaggregation and the capacity of aggregates to survive deposition and
be preserved in ash deposits.

The drivers on aggregate formation may relate to the mechanisms of both ash adhesion
and aggregate growth. Particle adhesion is likely a product of three major forces, 1)
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electrostatic bonding, 2) Van der Waals forces and 3) liquid bonding. Although electrostatic
charging of volcanic plumes is a well-known phenomenon (Lane and Gilbert, 1992; Cimarelli
etal., 2013) that can lead to dry aggregation (e.g. Taddeucci et al., 2011, Del Bello et al., 2015),
it is neglected in this study. With maximum surface charges of + 10° C.m? observed for
particles in volcanic plumes (Gilbert et al., 1991), the electrostatic attraction and binding
potential of ash particles is very low and even negligible in the presence of a liquid binder, as
implied by experiments in fluidized beds with other particles (Randolph, 1988; Liu and
Cameron, 2001; Saleh and Guigon, 2006). In order to build large ash aggregates stable enough
to be preserved in the geologic record, we consider that liquid bonding may be the most
important aggregation mechanism.

Previous in-field (Trusdell et al., 2005; Branney et al., 2008; Bonadonna et al., 2011),
numerical (Costa et al., 2010; Folch et al., 2010) and laboratory studies (Gilbert and Lane,
1994; Schumacher and Schmincke, 1995; Van Eaton et al., 2012) have investigated the role of
liguid bonding. Vibratory pan aggregation techniques, (Schumacher and Schmincke, 1995; Van
Eaton et al. 2012) have successfully reproduced ash aggregates with characteristics (bulk
diameter, density or granulometry) linearly dependent on humidity or wetting, until an
‘overwetting’ threshold was reached, whereafter, liquid ‘mud’ droplets (AP3) were formed
(e.g. Gilbert and Lane, 1994). However, the influence of liquid bonding on ash aggregate
formation remains only partially constrained. For example, although laboratory experiments
have generated particle clusters (PC), the complex internal structures typical for AP2
aggregates have yet to be reproduced. Furthermore, the effect of additional variables such as
the surface tension and viscosity of the binding liquid (e.g. Kueppers et al., 2011), which in
volcanic systems may be commonly comprised of condensates of co-erupted volcanic gases
(e.g., H20(g), SO2(g), HCl(g), HF(g)), have yet to be investigated.

The preservation of ash aggregates within ash deposits may be contingent on the
establishment of strong interparticle binding mechanisms within the aggregate (e.g.,
cementation of solid bridges). Cementation may be driven by the interstitial precipitation of
various sulphate and halide salts during the evaporation of the binding liquid. This process of
cementation has been invoked following investigations of several field deposits (Tomita et al.,
1985; Gilbert and Lane, 1994; Brown et al., 2010). The specific chemistry and abundance of
these salts may depend both on the pH of the binding liquid and its capacity to dissolve or
corrode the ash surface, and on the presence of pre-existing salts emplaced by higher
temperature gas-ash interactions (c.f. Witham et al., 2004, Ayris and Delmelle, 2012).

In this mechanistic study we present results of laboratory investigations on the
formation and recovery of AP1 and AP2-type ash aggregates. We investigated ash aggregation
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within fluidized beds, commonly utilized in industrial sectors, in particular in the food, animal
feed, pharmaceutical, fertilizer, detergent and mineral processing industries, for investigation
or generation of aggregates. Fluidized bed systems transform a granular material from a static
(i.e. solid-like) to a dynamic (i.e. fluid-like) state, promoting aggregate formation under
precisely-controlled conditions such as humidity, granulometry, air flow and temperature
(Salman et al., 2006). In this study, we pioneer the use of this technology for our mechanistic
investigation of volcanic ash aggregate formation, and provide new insights into the variables
which permit the formation and survival of ash aggregates.

1.3 Methodology

For this study, we use the ProCell® Lab System (Fig. |11.1) by Glatt Ingenieurtechnik
GmbH, Weimar, Germany. The ProCell® Lab builds aggregates from fine powders, in this case,
volcanic ash or soda-lime silicate glass beads. Solid particles are placed in a vessel and a stream
of fluids passes up through the voids of the granular material. To generate a fluidized bed of
particles, drag forces exerted by externally introduced fluids must exceed the weight of the
particles. At a critical value of fluid velocity (the point of minimal fluidization velocity), the
upwardly directed drag on particles will equalize the downwardly directed gravitational forces
and maintain the particles in suspension. Above this minimal fluidization velocity, particles
behave like a liquid and single particles follow stochastic streamlines (Salman et al., 2006).
Within the fluidized bed, particles are wetted by a fine spray of liquid, promoting formation
of liquid bridges between particles; aggregate growth is crucially controlled by operating
conditions such as moisture, granulometry, process time, pneumatics or thermal conditions.

[1.3.1 The ProCell® Lab System

The ProCell® Lab System consists of three parts (from bottom to top, see Fig. I.1): the
inlet air chamber, the process chamber and the exhaust housing. The Inlet air and process
chamber are separated from each other by a bottom screen with a mesh size of 100 um. An
air stream is heated in the inlet air chamber and injected in the process chamber (GF5 type,
continuous fluidization) from below. The flow rate is sufficient to maintain the solid raw
material in a fluidized state, while smaller particles which are lofted away from the bed by the
airflow are captured within an installment of six cartridge filters. Overpressurized air is
directed downwards through the cartridge filters every ten seconds, returning any trapped
particles back to the fluidized bed. Liquids are injected into the GF5 process chamber by a
nozzle mounted on the bottom screen which directs its spray upwards, supplied by an external
pump. Regulation of the pump allows supplying the process chamber with exactly the desired
amount of liquid.
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The ProCell® Lab is highly customizable in its operational conditions; the user may
select the air flow through the process chamber (max. 250 m3.h!), the air flow temperature
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Figure II.1: Glatt ProCell® Lab System; solids are deposited on the bottom screen. Heated air
flows from the inlet air chamber through the screen into the process chamber and drags
particles upwards (fluidization). A nozzle in the center of the bottom screen sprays liquid into
the fluidized particles. Liquid droplet size and spray rate are controlled manually. Topside
cartridge filters separate fine particles from the exhaust air (exhaust chamber). Aggregates fall
into the sifter through

a contraflow air stream into a collection tank.
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(max. 200 °C) and the pressure of the nozzle spraying the liquid (max. 6 bar). The instrument
also maintains a constant record of air humidity and temperature in the process chamber.

The ProCell® Lab can either be run in batch or continuous mode; in the latter, a ‘zig-
zag-sifter’ (Fig. I1.1) is installed at a product outlet, permitting aggregates to settle down into
a collection tank. The sifter consists of a 30 cm long arrangement of steps, oriented with
respect to each other at angles of 120°. An upward directed air flow (at 70 — 150 kPa
overpressure) through the sifter prevents the collection of non-aggregated particles, forcing
them to re-enter the fluidized bed. We also inspected the post-experiment particle bed within
the process chamber, to determine whether any aggregates had survived within the fluidized
bed.

11.3.2 Sample materials

In this mechanistic study of aggregation, we compared the behavior of two different
materials. As an analogue material, we used spherical soda-lime glass beads (Kremer
Pigmente, Germany, Table I.1) in three granulometries, with ps of <50 um (fine), 40-70 um
(medium) and 150-210 um (coarse). The beads show high abrasion resistance with only 1.6 +
0.1 % weight loss per 100 h of grinding, ensuring a negligible change in granulometry during
experiments. As a natural material, we used phonolitic volcanic ash (LS) from the Laacher See
eruption (East Eifel volcanic field, Germany), with p4 of <40 um (fine), 40-90 um (medium) and
90-300 um (coarse). Although the ash is approximately 13 ka old and cannot be considered
chemically pristine, we consider the deposition and evaporation of salt solutions on the ash
materials to be a physical process acting only on particle surfaces; accordingly, the Laacher
See ash is utilized as a proxy for the more complex surface morphology of volcanic ash, relative
to the glass beads.

11.3.3 Salt-doping of ash materials

A H;O-NaCl salt solution was selected for use in this experiment, in light of the
extensive previous analysis of soluble salts on ash surfaces from multiple volcanoes via
aqueous leaching, (see Witham et al., 2004; Ayris and Delmelle, 2012). These previous reviews
noted that the most abundant elements in leachate solutions are Ca, Na, Mg, Cl and S, likely
deriving from simple ionic sulphate and chloride salts (e.g., NaCl, CaSOa).

The H,0-NaCl solution, utilizing deionized H20, was sprayed at 7 ml.min? into the
process chamber and over the fluidized LS ash or glass bead beds. The process chamber
temperature was maintained at 50 °C and the solution was sprayed at a nozzle pressure of
100 kPa. The particles in the fluidized bed were therefore coated with a thin liquid layer, which
rapidly evaporated, precipitating NaCl on the particle surfaces. Particle aggregation during the
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coating process was hindered by the low humidity of the heated atmosphere and slow spray
rate of the solution. The efficiency of NaCl doping onto LS ash and glass beads was determined
by comparison of the initial loading of NaCl dissolved into the sprayed solution, and the
concentration on particle surfaces, which was determined by aqueous leaching. The leaching
protocol utilized a solid:solution mass ratio of 1:10 and measured the effective NaCl
concentration on particle surfaces via electrical conductivity measurements with an inoLab
Cond 730°®, manufactured by Wissenschaftliche Technische Werkstdtten GmbH, Germany,
calibrated using H,0O-NaCl solutions of known concentration.

The methods by which particles were coated with NaCl in the fluidized bed were both
successful and reproducible. Twenty-five sub-samples were taken from a single NaCl-doping
experiment and revealed a variation in NaCl concentration of less than 3 %. The efficiency of
doping, based on comparison of the initial mass of NaCl sprayed onto the ash materials, and
the mass determined from post-experiment leachate analysis, was on the order of 90 %. The
loss likely reflects the loss of solution adhering to the internal surfaces of the process chamber.

Oxides Soda-lime glass beads  Laacher See ash
(GB)* (LS)®

Si0; (wt %) 72 54.4

Al,03 (wt %) <0.1 20.1

Na,O (wt %) 13 11.7

K20 (wt %) <0.1 5.6

CaO (wt %) 9 1.1

Fe,03 (Wt %) - 1.8

FeO (wt %) - 0.47

MgO (wt %) <0.1 0.22

Specific surface area of granulometries®

Fine 0.07m?g? 0.32m?g?

Medium 0.04m2g? 0.12m?g?

Coarse 0.02m?g? 0.07m?g?

Density 2,500 kg m™? 2,300 kg m3¢

Table II.1:

2 Bulk chemistry and density provided by Kremer Pigmente GmbH, Germany.
b Bulk chemistry data from Wérner and Schmincke (1984)
¢Surface areas measured with Camsizer® XT, Retsch GmbH, Germany

4Density from ROTEC® GmbH & Co KG Rohstoff-Technik
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11.3.4 Salt-doping of ash materials

A H>O-NaCl salt solution was selected for use in this experiment, in light of the
extensive previous analysis of soluble salts on ash surfaces from multiple volcanoes via
aqueous leaching, (see Witham et al., 2004; Ayris and Delmelle, 2012). These previous reviews
noted that the most abundant elements in leachate solutions are Ca, Na, Mg, Cl and S, likely
deriving from simple ionic sulphate and chloride salts (e.g., NaCl, CaSOa).

The H20-NaCl solution, utilizing de-ionized H,0, was sprayed at 7 ml.min! into the
process chamber and over the fluidized LS ash or glass bead beds. The process chamber
temperature was maintained at 50 °C and the solution was sprayed at a nozzle pressure of
100 kPa. The particles in the fluidized bed were therefore coated with a thin liquid layer, which
rapidly evaporated, precipitating NaCl on the particle surfaces. Particle aggregation during the
coating process was hindered by the low humidity of the heated atmosphere and slow spray
rate of the solution. The efficiency of NaCl doping onto LS ash and glass beads was determined
by comparison of the initial loading of NaCl dissolved into the sprayed solution, and the
concentration on particle surfaces, which was determined by aqueous leaching. The leaching
protocol utilized a solid:solution mass ratio of 1:10 and measured the effective NaCl
concentration on particle surfaces via electrical conductivity measurements with an inoLab
Cond 730°®, manufactured by Wissenschaftliche Technische Werkstdtten GmbH, Germany,
calibrated using H,0O-NaCl solutions of known concentration.

The methods by which particles were coated with NaCl in the fluidized bed were both
successful and reproducible. Twenty-five sub-samples were taken from a single NaCl-doping
experiment and revealed a variation in NaCl concentration of less than 3 %. The efficiency of
doping, based on comparison of the initial mass of NaCl sprayed onto the ash materials, and
the mass determined from post-experiment leachate analysis, was on the order of 90 %. The
loss likely reflects the loss of solution adhering to the internal surfaces of the process chamber.

[1.3.5 Operational conditions

Our experiments were designed to (1) determine the critical concentration of NaCl and
humidity needed to achieve artificial ash aggregation in a fluidized bed, (2) constrain the
influence of particle size on aggregation efficiency under controlled conditions (process
chamber humidity, temperature etc.), and (3) generate internal structures similar to
structures in natural AP samples (Brown et al., 2012).

Optimal aggregation conditions for fluidized particles of different densities and
grainsizes with respect to air temperature, nozzle pressure and air flow inside the process
chamber were experimentally constrained. Each individual experiment utilized 1 kg of the
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starting material and the inflow temperature Ti, was set to 160 °C. This resulted in an average
process chamber temperature T of 80 + 15 °C, depending on the applied spray rate. For the
aggregation experiment, nozzle pressure was set to 0.5 bar to allow larger water droplets to
enter the fluidized bed, promoting the formation of a liquid film on solid particles within the
fluidized bed. The airflow was set between 40 m3.h"* and 80 m3.h!, depending on particle size
and type of material used. These conditions result in Reynolds numbers ranging between 8
and 28 for the ash experiments, applying eq I1.1:

Re = 22¥sP.
(1-&)u

(Equation 11.1)
where Re is Reynolds Number, D, the equivalent spherical diameter of the particle, Vs the
superficial velocity, p the density of the fluid, € the void fraction of the bed and u the dynamic
viscosity of the fluid. The rising velocity of the air flow was 0.15 to 0.22 m.s™%, approximately
two orders of magnitude lower than natural plume rising speeds (Tournigand et al., 2015).

1.4 Results

A total of 37 experiments were carried out to study the effect of selected aggregation
media (glass beads or LS ash), granulometry, NaCl concentration, and relative humidity on
aggregate shape, structure and preservation. The incidence of aggregate preservation in each
of these experiments is documented in Table II.2. As we observed no evidence for aggregate
survival within the process chamber, we consider preservation to occur if aggregates were
observed to enter the collection tank, rather than getting abraded and destroyed within the
sifter. Notably, in all experiments where aggregation was recorded, aggregate arrival in the
sifter was observed within a few seconds of the experiment onset.

11.4.1 Effect of NaCl loading

In our experiment, aggregation occurs independently of surface salt concentration;
during initial experiments using untreated glass beads and LS ash, and relative humidities of
10 and 20 %, we observed the formation of aggregates (ps < 1000 um) which were destroyed
within the sifter, rather than being preserved within the collection tank. The formation of
stable aggregates which could be recovered from the collection tank could only be achieved
using NaCl-coated glass bead and ash materials.

The minimum NaCl concentration required for recovery of aggregates comprised of
glass beads with ps < 50 pm was 1,800 + 54 mg.kg*. For beads with initial p4 of 40-70 um and
150-210 pum, the minimum NaCl concentration for recovery was 2,200 + 66 mg.kg™. For LS
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. . . Air flow Temperature Aggregat_e
Material Particle Diameter (um) 3 o NaCl (mg/kg) preservation
Soda-lime glass <50 50 90 1221 N
Soda-lime glass <50 50 90 1774 Y
Soda-lime glass <50 50 90 5021 Y
Soda-lime glass <50 50 91 20312 Y
Soda-lime glass 40-70 60 89 1143 N
Soda-lime glass 40-70 60 92 2241 Y
Soda-lime glass 40-70 60 90 30231 Y
Soda-lime glass 40-70 60 91 49183 Y
Soda-lime glass 40-70 60 90 51563 Y
Soda-lime glass 150-210 80 89 1014 N
Soda-lime glass 150-210 80 90 2189 Y
Soda-lime glass <50 + 150-210 80 90 1970 Y
Soda-lime glass <50 + 150-210 80 90 4081 Y
Soda-lime glass <50 + 150-210 80 92 16832 Y
Laacher See Ash <40 40 90 2354 N
Laacher See Ash <40 40 90 4286 N
Laacher See Ash <40 40 91 5081 Y
Laacher See Ash <40 40 89 16021 Y
Laacher See Ash <40 40 90 30185 Y
Laacher See Ash 40-90 50 90 256 N
Laacher See Ash 40-90 50 90 1578 N
Laacher See Ash 40-90 50 90 4012 N
Laacher See Ash 40-90 50 90 5214 Y
Laacher See Ash 40-90 50 91 10743 Y
Laacher See Ash 40-90 50 90 13800 Y
Laacher See Ash 40-90 50 88 15214 Y
Laacher See Ash 40-90 50 91 48069 Y
Laacher See Ash 40-90 50 90 43000 Y
Laacher See Ash <90 50 90 4912 Y
Laacher See Ash <90 50 91 15023 Y
Laacher See Ash 90-300 60 93 4943 N
Laacher See Ash 90-300 60 87 14156 Y
Laacher See Ash 90-300 60 90 20145 Y
Laacher See Ash 90-300 60 90 47890 Y
Laacher See Ash 90-300 60 90 49102 Y
Laacher See Ash <300 70 92 5145 N
Laacher See Ash <300 70 90 15103 Y
Laacher See Ash <300 70 89 30861 Y

Table II.2: Summary of aggregation experiments carried out with the ProCell® Lab. Aghgregation
preservation is indicated as having occurred when (Y) when aggregates survived the impact
into the collection tank.

ash, higher concentrations of NaCl were necessary for aggregate preservation within the
sifter; approximately 5,000 + 150 mg.kg! were needed to permit recovery of aggregates
comprised of LS ash with ps < 40 um and < 90 um. Significantly higher NaCl concentrations
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were required when LS ash with psbetween 90 and 300 um was used (15,103 + 453 mg.kg™?).
Additionally, we qualitatively observed that increasing NaCl concentrations on particle
surfaces increased aggregate recovery from the collection tank. In aggregation experiments
using glass beads of all grain sizes, coated with NaCl loadings of 2,000 + 60 mg.kg?, we
observed that 50% of aggregates which entered the collection tank disaggregated upon
impact with its base, while no similar breakup was observed using beads coated with NaCl
concentrations of 50,000 + 1500 mg.kg™.

The maximum diameter of aggregates formed during ps < 50 um glass bead
experiments was one millimeter, an enlargement factor (EF) of 20 relative to the initial grain
size, while aggregates comprised of 40-70 um beads achieved an EF of 40. Notably, the EF for
the 150 — 210 um pgq fraction was approximately three; hence, the coarsest granulometry
utilized in our experiments exhibited a limited capacity for aggregation, even at the highest
NaCl concentrations. For the LS ash, much higher NaCl concentrations were necessary to
achieve aggregation. The two ash fractions, fine and medium (ps < 40 um, 40 — 90 um),
required a minimum NaCl concentration of 5,000 + 150 mg.kg™* to aggregate with sufficient
stability to survive the collection process. The large grained ash fraction (ps< 300 um) barely
aggregated and required high NaCl concentrations (20,000 + 600 mg.kg?) to sediment as
aggregates in the collection vessel. The EFs are 25 for fine, 35 for medium and 2 for coarse
particles, respectively.

11.4.2 Effect of granulometry

In both glass bead and LS ash materials, changes in the granulometry of the starting
material did not affect the minimum concentration of NaCl needed to permit the recovery of
stable aggregates (2000 + 60 mg.kg* of NaCl for mixtures of glass beads with ps of < 50 um
and 150-210 um; 5,000 + 390 mg.kg* NaCl for mixtures of LS ash with py of 40-90 um and 90-
300 um, and 15,000 + 450 mg.kg? for LS ash with ps < 300 pum). Over a range of NaCl
concentrations up to 50,000 + 1,500 mg.kg™, we observed no effect on aggregation efficiency
(mass of aggregates produced over time) in either material. However, changing granulometry
did affect the shape of aggregates; with a narrow granulometry (e.g., pa< 40 um), aggregates
were non-spherical, irregularly shaped and resembled un-structured particle clusters (PC),
Fig. Il.2a. Broadening the initial granulometry by mixing two particle populations (e.g., 50:50
mixtures of particles with p4 of 40-90 um and 90-300 pum or < 40 um and 40-90 um) resulted
in a transition in aggregate morphology from sub-spherical (Fig. I1.2b) to spherical (Fig. I.2c).
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Figure 11.2: a), b) and c¢) show the transformation of aggregate shape from angular to (sub-)
spherical. a) shows aggregates that were produced from 40 — 90 um LS ash. Broadening the

ranulometry to ps of 40-300 um (b), aggregates become sub-spherical. Adding a fine fraction
%pd <40 pum) produces spherical aggregates (c). All images were produced using reflected light
microscopy.

Fluidized beds comprised of glass beads with pgs of < 50 um and 150-210 um produced
aggregates with accumulations of coarse particles (pg> 150 um) in their core and fine particles
intheir rims (Fig. 11.3a). Additionally, solid NaCl bridges were clearly visible connecting particles
with each other (Fig. I1.3b).

NaCl
bridges .

Figure 11.3: a) Cross section through an experimentally generated glass bead aggregate,
produced after impregnating with epoxy resin. The starting granulometry in the experiment
consisted of particles with py < 50 um and pgs = 150-210 um glass beads. Coarse glass beads
are predominantly found in the core region, while fine particles are principally located on the
outside of the aggregate. bl) Image showing solid NaCl bridges connecting glass beads (pqs = 40-
70 um) of an aggregate. All images were produced using reflected light microscopy.

Solid Zgr +o
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Similarly, for LS ash aggregates, internal structuring was enhanced by broadening the
starting granulometry (Fig. 11.4); while a separation between core and rim was not readily
observed in aggregates comprised of LS ash with ps< 40 um (Fig. Il.4a), the cores became

coarser grained than the rims for aggregation experiments using LS ash with ps < 90 um
(Fig. 11.4b) and pg < 300 pm (Fig. I1.4c).

Figure 1.4: a) — c) Cross sections showing the increasing evidence of internal aggregate
structuring detpending on the startincf %ranulometry; a) consists of LS ash withdpd <40 pm —
internal stratification is not detected. b) consists of LS ash with pg < 90 um and c) of LS ash
with pg < 300 um. In c), coarse grained particles (ps > 100 um) are concentrated in the center
whereas fine grained particles are densely packed in the rim of the aggregate. All images were
produced using reflected light microscopy.

11.4.3 Effect of humidity

The effect of humidity on aggregation preservation was also measured (Fig. I1.5). As no
influences on aggregate recovery other than of surface area were implied from previous
experiments on glass beads and LS ash, we confined our investigation of humidity to one
material only (LS ash). We performed three experimental series utilizing NaCl loadings of
15,000 + 450 mg.kg™* on i) LS ash with ps< 40 pm, ii) LS ash with ps40-90 um, and iii) a 50/50
ratio of these two granulometries. Changing the relative humidity of the air within the system
changed the rate of aggregate production. Aggregation initiated, depending on the starting
granulometry, between 12 and 18 % RH. The number of aggregates produced per minute
increased exponentially up to 45 % RH. Most aggregates are produced when the grain size
distribution of the starting material is broad (50/50 mix of LS ash with ps < 40 um and 40-
90 um). The lowest production rate of aggregates is achieved by particles with pqs of 40-90 um,
used in isolation. These data evidence a significant control of humidity on aggregation rate.
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The upward directed airflow within the sifter dried the aggregates during transit, such that
residual internal moistures were below 1 wt. %. However, at approximately 50 % RH, the
upward directed airflow in the sifter was insufficient to dry aggregates, resulting in the
accumulation of a heap of wet ash in the collection tank, rather than dry, coherent aggregates.
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Figure 11.5: The influence of humidity on mass ﬁroduction of preserved aggregates [g] per
minute is shown for various granulometries. The highest rate of aggregate production is
demonstrated when using a broad granulometry of startin%material pa < 40 and 40-90 um),

followed by the ps < 40um and the pg 40-90 um charge. NaCl concentration is at
15,000 mg.kg™.

1.5 Discussion
[1.5.1 Agreement with previous studies

During our experiments, we observed the formation of aggregates with clear internal
structuring. LS aggregates from initial materials with ps < 300 um, have a modal pq of 63 um
over the whole particle, but within their rims, the modal pgis 12 um. These aggregates show
many similarities with AP2 aggregates found in nature; in studies of natural ash aggregates,
the dominant particle size fraction (90 vol. %) has ps < 60 um, while the largest particles found
in natural aggregates have pqy of ~200-500 um (Sheridan and Wohletz, 1983; Cole et al., 2001;
Bonadonna et al., 2002; Trusdell et al., 2005; Cunningham and Beard, 2014; Scolamacchia and
Dingwell, 2014). Within internally structured natural ash aggregates, coarser particles are
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enriched in the core, while finer particles comprise the rim (Brown et al., 2012). For example,
Scolamacchia and Dingwell (2014) analyzed ash aggregates from the 1982 El Chichon eruption
(Mexico); the cores of these aggregates consisted of coarser material (pg = 63-250 um) while
their rims contained finer-grained particles (ps < 63 um) with ~75 % of rim grains smaller than
16 um in diameter. In addition to their structural similarities, the aggregates formed in our
experiments exhibit comparable densities to natural samples; the density of the experimental
aggregates (480 kg.m™3) is within the range of values reported for ash aggregates recovered
by Taddeucci et al. (2011) from the 2010 Eyjafjallajokull eruption (100 to 1,000 kg.m3).

Our experiments are also in good agreement with previous studies which identify liquid
bonding as a primary control on the formation of AP aggregates. We observed a clear
dependency of aggregate accumulation rate in the collection tank on RH, with an exponential
increase between 12 and 45 % RH (5-19 wt. % H,0 at 90 °C). At lower values, no aggregates
were observed in the sifter. At higher humidity, overwetted aggregates coalesced in the
collection tank and formed a heap of wet ash (Fig. I1.5). The range of humidity values observed
is in good agreement with natural observations and other experimental studies; Tomita et al.
(1985) observed pellet fallout during eruptions at Sakurajima Volcano (Japan) and described
ash aggregation solely on days with RH of > 18 % at a height of 4 km, corresponding to the
maximum plume height. In laboratory experiments, Schumacher and Schmincke (1995)
determined that the optimum quantity of water to promote aggregation of ash within a pan
was between 15-25 wt. %. In similar experiments, utilizing a vibratory pan, Van Eaton et al.
(2012) determined that aggregation was most efficient at liquid concentrations between 10-
15 wt. %, while at higher concentrations, slurries rather than aggregates, were formed. Based
on the good agreement of our experimental data and previous studies, we conclude that the
concentration of liquids during aggregation controls the number of particle aggregates
produced; with increasing liquid binder concentration, aggregate production increases
exponentially (Fig. I1.5).

The process of cementation of aggregates has been described several times for natural
deposits, invoking the role of salts as binding agents, but quantification of the related process
has not yet been achieved. In our study, although we observed aggregation under all
conditions, including NaCl-free particles, we required high NaCl loadings (> 5,000 mg.kg) to
permit recovery of stable ash aggregates from the collection tank. Higher loadings of NaCl
were required to promote recovery of LS ash aggregates, compared to that required for glass
bead aggregates. This likely reflects the complex morphology, and accordingly, greater surface
area, of the LS ash (Table I.1); to achieve the same salt loading per unit surface area required
a greater dose of salts per unit mass in the LS ash, relative to the glass beads. It is not yet
known whether the behavior of NaCl is salt-specific, or applicable to all soluble salts on ash
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surfaces. If the latter, it is notable that the total loading of soluble salts utilized in this study,
while high, remain within the range of concentrations implied by previous leachate studies:
data summarized by Ayris and Delmelle (2012) yielded both a calculated mean and median
sulphate and chloride salt loading on the order of 6,000 mg.kg?, with maximum values in
excess of 20,000 mg.kg™* being reported in some scenarios. Additionally, preparatory to the
current study, we disaggregated and subsequently leached fragile accretionary pellets
recovered from deposits of the 2011 dome collapse at Soufriere Hills Volcano (Montserrat).
The total concentration of Ca, Cl, Mg, Na and S in leachate solutions (1:100 ash: water ratio, 4
hour leaching time), indicative of total surface salt loading, was in excess of 5,000 mg.kg™.

11.5.2 A new perspective on ash aggregate formation

Our findings have demonstrated that experiments utilizing fluidization bed techniques
can produce aggregates of comparable structure and under comparable conditions to those
previously observed both in experimental studies and field investigations. Crucially, this
realization of comparability opens a new avenue of research in the application of existing
industrial studies to volcanic systems.

Ennis et al. (1991) have previously described a particle coalescence model, which can
be utilized to explain our experimental results, and by analogy, the formation of ash
aggregates during explosive eruptions. The model is based on the assumption that two
approaching particles with a liquid film layer (Fig. I1.62a) of thickness h coalesce after collision,
when the initial kinetic energy is dissipated through viscous and elastic losses. Liquid layers of
the two particles will have first contact at a distance 2h. Viscous losses are calculated by using
results for Stokes flow between two approaching particles. The coefficient of restitution e
dissipates energy within the solid phase. Resulting calculations show that particles will
coalesce when the viscous Stokes number Sty (eq. I1.2) is less than some critical viscous Stokes
number St," (eq. 11.3):

St, = @:—Spd (Equation 11.2)
St, = (1 + i) In (h%) (Equation 11.3)

where p is the particle or aggregate density, uy is half the initial relative velocity of the impact,
pa 1s the particle or aggregate diameter, 4 is the liquid viscosity and 4, is the characteristic
height of surface asperities. S, describes the ratio of initial kinetic energy to energy dissipated

by viscous effects. St, will increase during the aggregation process since the aggregate grows.
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a) Approaching Particles

liquid layer
“4—

Figure 11.6: lllustration of the Ennis et al. (1991) model: in a) two particles with a liquid layer of
the thickness h are approaching each other. b) reflects the non-inertial regime of aggregate
growth in which all particles stick after collision due to viscous and elastic forces su%fgiciently
dissipating kinetic collision energies. c) shows the inertial regime, where aggregate growth in
which viscous Stokes number and critical viscous Stokes number are approximately equal.
Small particles stick to the existing aggregate due to lower collision energies. Large particles
rebound due to higher collision energies; rebound forces cannot be dissipated by liquid
bonding forces. The non-inertial regime builds the core of an accretionary pellet, reflecting
the total particle size range, while the inertial regime builds up the fine grained rim.

The interplay of the various parameters in this theoretical model allow for the
constraint of three granulation stages which describe the growth of both experimental and
natural accretionary pellets. After Ennis et al. (1991), the first stage is referred to as the non-
inertial regime (St, << St,”), where collisions between particles of all sizes are successful
(Fig. 1.6b). In this stage, a large range of particle sizes will stick together (e.g. ps <300 um in
the ProCell® Lab experiments), producing a coarse-grained (reflecting the whole size range of
available particles), porous core. In the second granulation stage (inertial regime), the viscous
Stokes number St, is approximately equal to the critical Stokes number St,”. Coalescence now
depends on the size of colliding particles, whereby collisions between two small, or one small
and one large particle(s), keeps St, low and enables coalescence, while collisions between two
big particles, e.g. an aggregate and a large ash grain, causes high St, and hinders coalescence.
In the inertial regime, only smaller particles will stick to existing aggregates due to the
increasing difference in diameter, the likelihood of increasing impact velocities, and the
increasing St, number (Fig. I1.6¢). In the third granulation stage, St, is greater than St,” and
collisions do not permit coalescence. In this generalized model, the initial particle size
distribution is likely an important control; with a narrow granulometry, any aggregate
structuring effects imparted during the different regimes are likely minimal, producing a
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poorly structured ash pellet (AP1). In contrast, with a broader initial particle size distribution,
aggregate growth would produce an internally structured clast with a dense, fine-grained rim
(AP2). It is also possible that pre-inertial regime interruption of aggregation processes via
sedimentation into particle-poor environments could favour the formation of AP1, rather than
AP2 aggregates.

The Ennis model (1991) can also explain the increasing rate of aggregation with
increasing air humidity, prior to overwetting (Fig I1.5). The increasing quantity of liquid sprayed
into the process chamber increases the liquid layer thickness h on single particles; in our
experiments using LS ash with ps <40 um, increasing RH from 12 to 45 % is calculated to
increase h from 160 to 590 nm. Increasing h values increase St,”, allowing more particles to
coalesce, and increasing the rate of aggregate production. The initiation of aggregation at
lower humidity for fine grain sizes (Fig. 11.5) can also be explained; smaller particle diameters,
pq, result in lower impact velocities up and an overall smaller St,, another criterion for
enhanced aggregation. A further implication for liquid bonding from the Ennis model (1991)
is a dependence on liquid viscosity; while our experiments used only deionized water, the
condensation or emplacement of fluids of different viscosities (e.g., liquid sulphur,
Scolamacchia and Dingwell, 2014) on ash surfaces may significantly influence aggregation
processes.

Observations from our experiments offer a number of further insights into the
formation of AP aggregates. The arrival of aggregates within the collection tank at the start of
the experiment was near-instantaneous; this suggests that the rims of AP aggregates, rather
than being formed by transport through a finer-grained particle suspension than that from
which the core was constructed, can formed rapidly from the same particle population that
builds the initial core via a selective aggregation process. The fragility of salt-free or salt-poor
aggregates in our experiments further suggests that a continuous cycle of collisions,
aggregation and disaggregation may occur in eruption plumes and PDCs, but that once specific
boundary conditions are achieved, rapid growth of structured aggregates is possible. The low
experimental Reynolds numbers of our study (8-28), relative to those of e.g., PDCs (10°-10°,
e.g. Andrews and Manga, 2012) suggests that one environment where these conditions are
achieved could be the most dilute parts of PDCs, lofted co-pyroclastic plumes or the umbrella
regions of eruption plumes. However, such conditions are unlikely to be the only regimes
where aggregate growth is promoted.

Given the apparent fragility of many of the aggregates formed in our experiments, the
capacity of AP aggregates to survive deposition and be preserved within a deposit likely
requires the establishment of strong interparticle bridges to strengthen it. This may be
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particularly important if the aggregate traverses a more energetic region of an eruption plume
or PDC after formation but prior to deposition. Salt-driven cementing would require not only
an abundance of pre-existing soluble salts, but also rapid drying after formation. This was
illustrated in our experiments; the lower humidity within the sifter promoted liquid
evaporation and salt precipitation, but the absence of aggregates in the post-experiment
process tank suggests that fluidized bed collapse in still-humid conditions prevented drying
and favored aggregate breakup. Within volcanic settings, lower humidity conditions could be
achieved via numerous mechanisms, e.g., by sedimentation into drier atmospheres from a
water-rich plume, or the recycling of aggregates from cold regions of the plume and/or PDC
into hotter regions (>100°C). Thus, much as there may be multiple environments where
aggregate growth is favored, there may be multiple conditions where salt-driven cementing
may stabilize those aggregates.

1.6 Conclusion

Accretionary pellets were produced successfully in the laboratory by using fluidization
bed techniques. Liquid bonding forces promoted particle adhesion following collisions,
building aggregates up to 1000 um in size. These aggregates were fragile and were easily
disaggregated, but when the initial particle mass was coated with NaCl, could be stabilized by
the dissolution and re-precipitation of NaCl as solid interparticle bridges. High, but volcanically
relevant (~2,000 mg.kg!) concentrations of surface salts enabled recovery of some aggregated
particles, while increasing salt loads promoted increased stability and improved aggregate
preservation. The granulometry of the initial particle mass had a strong influence on the
growth and structure of aggregates; fine-grained particles (p4 <100 um) grew up to 40 times
larger than the original diameter of the starting material, while coarse particles reached final
diameters of only three times that of the initial particle. Similar to the results of previous field
studies and experimental observations, aggregate formation occurred within a discrete range
of humidities; in our experiment, aggregates formed above 12 % RH, and disaggregated into
a mud or slurry at humidities greater than 45 % RH.

Most notably, through the use of particle populations with broad granulometries, we
generated (sub-) spherical and internally structured aggregates with coarse grained cores and
fine grained rims, similar to natural AP2 aggregates observed in volcanic deposits. Applying a
numerical model derived from industrial particle aggregation studies, we conclude that shape
and internal structuring of aggregates is controlled by the initial granulometry, mediated by a
fast-acting selective aggregation process. In so doing, we offer a generalized model for the
formation of both AP1 and AP2 aggregates, which also identifies the importance of the
concentration, and perhaps viscosity, of the liquid binding agent which facilitates aggregation.
Our findings suggest that aggregation and disaggregation processes occur in all volcanic
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environments, but that once specific boundary conditions are achieved, growth of AP
aggregates is rapid. To preserve these aggregates upon deposition may further require a high
loading of pre-existing surface salts, and a pre-deposition transition from a high to low
humidity environment. Although further constraints on the parameters which drive both
aggregation and cementation are required, the findings of this paper should be considered as
a valuable input into numerical aggregation and ash dispersal models.
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1.1 Abstract

Interactions with volcanic gases in eruption plumes produce soluble salt deposits on
the surface of volcanic ash. While it has long been postulated that saturation-driven
precipitation following the dissolution of ash surfaces by condensed acidic liquids is a primary
mechanism of salt formation during an eruption, it is only recently that this mechanism has
been subjected to detailed study. Here we spray water and HCI droplets into a suspension of
salt-doped synthetic glass or volcanic ash particles, and produce aggregates. Deposition of
acidic liquid droplets on ash particles promotes dissolution of existing salts and leaches cations
from the underlying material surface. The flow of liquid, due to capillary forces, will be
directed to particle-particle contact points where subsequent precipitation of salts will
cement the aggregate. Our data suggest that volcanically-relevant loads of surface salts can
be produced by acid condensation in eruptive settings. Several minor and trace elements
mobilized by surface dissolution are biologically-relevant; areas with aggregation-mediated
ash fallout could be “hotspots” for these elements on deposited ash. The role of liquids in re-
distributing surface salts and cementing ash aggregates also offers further insight into the
mechanisms which preserve well-structured aggregates in some ash deposits.

43



Chapter Il Deposition and redistribution of salts on the surface of volcanic ash

1.2 Introduction

The fast release of over fifty different major, minor and trace elements from volcanic
ash on contact with water has historically been attributed to the presence of soluble surface
salts (Witham et al., 2004). These salts have environmental relevance in terrestrial and aquatic
systems, and may alter the chemical reactivity of volcanic ash in the atmosphere (Ayris and
Delmelle, 2012). Soluble salts may also play an important role in the cementation of ash
aggregates (Gilbert and Lane, 1994; Mueller et al., 2016), and thus may influence ash
sedimentation rates, ash dispersal, and deposit properties. Investigating the various
mechanisms of gas-ash interactions which emplace soluble salts therefore offers insight into
the physical (e.g., deposit thickness distributions) and chemical effects of ash on the natural
and human environments. In the last decade, several studies have investigated the formation
of salts via adsorption of volcanic gases (SO, HCl, HF) on ash surfaces at temperatures ranging
from magmatic to atmospheric (Ayris et al., 2014; Hoshyaripour et al., 2012; Oskarsson, 1980).
However, recent numerical studies (Hoshyaripour et al., 2014) have also examined other
mechanisms of salt formation, such as the condensation of acidic liquid droplets onto ash
surfaces (Rose, 1977). During transport in eruption plumes and pyroclastic density currents at
elevated temperature and cold volcanic clouds at ambient temperature, the surface of
volcanic ash particles may become partially or fully coated with liquid droplets (Delmelle et
al., 2005; Lathem et al., 2011). These liquid droplets can be formed by condensation of
volcanogenic acid solutions of HCI, HF or H,SO4 (Oskarsson, 1980; Rose, 1977), and can be
highly acidic; in simulations (Textor et al., 2003) using the Active Tracer High Resolution
Atmospheric Model (ATHAM), HCl dissolved into suspended water droplets achieved
concentrations of 0.1-10 M during the first hour after an eruption. Acidic liquid droplets
condensing onto the ash surface will dissolve its glass and mineral constituents, as well as any
pre-existing soluble salts (Hoshyaripour et al., 2014). Upon subsequent evaporation, sulphate
and halide salts may become saturated in the condensed liquid and precipitate or re-
precipitate. As suspended ash particles traverse an array of temperature, humidity and
chemical regimes, the chemistry and volume of the liquid film, and consequently, the solubility
of different surface deposits, may fluctuate; accordingly, salt assemblages on post-
depositional ash surfaces may be the product of repeated cycles of dissolution and
precipitation.

The variables and processes which govern the formation and evolution of liquid
droplets and coatings on ash surfaces are difficult to monitor in-situ, and reconstruction of
syn- or post-eruptive processing of ash surfaces cannot be easily obtained from post-
depositional characterization. While characterization of ash surfaces (Delmelle et al., 2007;
Maters et al., 2016) or analysis of spatial variations in leachate chemistry and ash deposit
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properties (Ayris et al., 2015) offer detailed insights, targeted experimental work is necessary
for the discrimination of possible mechanisms. Here, we investigate the process of liquid film
development and salt formation and re-precipitation on ash surfaces directly, using dispersed
aqueous solutions in fluidised particle mass comprised of salt-doped natural volcanic ash and
synthetic glass bead materials. These findings confirm that acid-condensation-driven surface
dissolution is a key mechanism for rapid, large salt formation which has a clear relevance to
ash aggregation and both in-plume and atmospheric processing of ash surfaces. Our results
offer insight into the conditions which may dictate volcanic ash deposition and their chemical
impacts.

1.3 Material and methods

We use two granular materials with particle diameters of < 90 um; (1) synthetic
spherical soda-lime silicate glass beads from Kremer Pigmente as a synthetic analogue
material with well-constrained chemistry, density and surface area, and (2) phonolitic ash as
a natural analogue with irregular surface roughness and intra-particle porosity, quarried from
pyroclastic deposits from the lower unit of the 13 ka Laacher See eruption (East Eifel volcanic
field, Germany (Worner and Schmincke, 1984), see Table 111.1).

The particles were loaded in a fluidised bed system (ProCell’ Lab System, Glatt
Ingenieurtechnik GmbH) (1) initially to dope the surfaces with soluble salt (NaCl), and (2)
subsequently to expose them to turbulent liquid (de-ionized H,0 or HCI) spraying (see also
Data Repository and Mueller et al. (2016) for fluidized bed design). The ProCell® Lab suspends
a granular particle mixture within an upwardly directed gas stream under controlled
temperature, bulk turbulence and humidity conditions, generating a fluidised bed when the
drag forces exerted by the gas stream exceed the weight of the particles (Salman et al., 2006).
Through a nozzle, liquid droplets (at controlled composition, size and temperature) have been
added to the fluidised bed and deposited on the particle surfaces.

In step (1) we sprayed variably concentrated NaCl-H,O brine at a rate of 7 ml.min'! at
50 °C using a nozzle pressure of 100 kPa. Thereby, we coated the particles with droplets or a
film from which, upon evaporation, salt crystals precipitated. The salts were identified as
halite (NaCl) crystals using energy dispersive x-ray (EDX) spot analysis and mapping associated
with scanning electron microscopy (SEM, Fig. Ill.1). SEM analysis was performed at the HP-HT
lab of INGV Roma. Initial doping was performed to provide a salt source for remobilization in
step (2) because in natural plume environments rapid salt formation after fragmentation is
common before a more protracted trajectory down-plume (Ayris et al., 2013). Effective halite
loads were determined from conductivity measurements with an inolab Cond 730°,
manufactured by Wissenschaftliche Technische Werkstidtten GmbH, Germany (calibrated
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using H.0-NaCl solutions of known concentration) and were found to be 19-248 and 31-329
mmol.kg? for the glass bead and volcanic ash materials, respectively (Supplementary Table
I11.S1). These halite loads are higher than the average median reported from natural ash
samples (see Supplementary Material 111.11); this granted the artificial aggregates a higher
preservation rate and made aggregate production much more time-efficient. However, it was
shown that artificial ash aggregation is also possible with lower halite loads such as reported
in the global median of ash leachates (Mueller et al., 2016).

During step (2), we sprayed 250 ml of de-ionized H,0 or 12 M HCl solution (at a rate of
40 ml.min?) into a fluidised bed of glass bead or volcanic ash samples. Also during step (2), in
an additional experiment, we sprayed the volcanic ash materials doped with 251+
13 mmol.kg? of halite with 250 ml of 0-12M HCI solution at a rate of 40 ml.min?. In all
experiments, nozzle pressure was 50 kPa to allow um-sized droplets to be produced, leading
to the formation of liquid coatings on solid particles. The inlet air flux was set to 0.01-
0.02 m3.s, depending on particle size and type of material used, and the average process
chamber temperature of 40 + 15 °C, depending on the applied spray rate. Aggregation of
particles was observed after no more than 10 seconds for both experiment types.

Figure 111.1: EDX mapping of soda-lime glass bead aggregates. a) shows a secondary electron

(SE) image of the mapping area. b) highlights Na and c) Cl content which, in combination with

a), can be identified as NaCl crystals sitting on glass bead surfaces and in connection points of
ass beads as a cementing agent.

We conducted all subsequent analysis on experimentally generated aggregates.
Agueous leaching was used to characterize pre- and post-experiment surface salt loading.
Aggregates were immersed in deionized water for one hour at a solid-solution mass ratio of
1:250, and the concentrations of Al, Ca, Cl, Fe, K, Mg, Mn and Si in solution measured following
analytical protocols (Ayris et al., 2014). However, Fe data were subsequently discarded as the
possibility of Fe contamination from the corrosion of the stainless-steel tank walls could not
be discounted. The granulometry of selected samples was determined using a Coulter LS-230
laser diffraction particle size analyzer (Fraunhofer optical model, imaginary/real refractive
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indices of 0.001/1.52 for glass beads and 0.1/1.52 for volcanic ash). The specific surface area
measurements were made on selected samples by application of the Brunauer-Emmett-Teller
(BET) theory to argon adsorption measurements conducted at -196 °C using a Micrometrics
Gemini 1303 surface area analyzer. Selected aggregates were analyzed by FEG-SEM using a
JEOL JSM 6500 field emission scanning electron microscope to investigate the morphology and
chemistry of the surface deposits formed during the experiments.

Bulk chemistry (wt. %) SLSa PHN,
SiO, (wt. %) 72 56.2
TiO, (wt. %) - 0.2
Al203 (wt. %) <0.1 20.6
Fe,03 (Wt. %) - 1.5
FeO (wt. %) - 0.6
MnO (wt. %) - 0.30
MgO (wt. %) <0.1 0.15
CaO (wt. %) 9 1.1
NazO (wt. %) 13 9.4
K20 (wt. %) <0.1 5.9

Table I1.1:
2 Bulk chemistry provided by Kremer Pigmente GmbH, Germany.

b Bulk chemistry data averaged from lower- and middle- units of Laacher See deposits, from
Worner and Schmincke (1984).

1.4 Results

When exposed to HCl solutions of varying concentration, volcanic ash and synthetic glass bead
particles undergo dissolution of (1) pre-existing surface salts and (2) the underlying surface.
The initial halite doping process produced discrete crystals or clusters of crystals which are
evenly dispersed across the material surfaces (Fig Ill.2a). However, after spraying during
turbulent experiments, the distribution and morphologies of surface halite are modified from
those produced by the initial doping. When water is used as the sprayed liquid phase, we show
that a combination of discrete euhedral and anhedral halite crystals (see Supplementary
Material I11.11) are preserved on the glass bead surfaces (Fig I11.2b), some of which are several
10s um in size. These are clustered around particle-particle contact points. If a particle broke
off after the cementation process, isolated ring structures were left behind, indicating the
former position of an adhering particle. When 12M HCl is used as the liquid phase for glass
bead materials both without (Fig Ill.2c) and with (Fig Ill.2d) a pre-existing halite load, we

observe similar structures in addition to extensive patchy regions of sub-micron sized nodules
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on the surface of ash particles and mega-crystals of halite (Fig Ill.2e). When volcanic ash is
used, the smaller starting grain size distribution (see Supplementary Material I11.11) and more
complex and irregular morphology precludes the formation of large halite assemblages, and
instead, smaller (<5 um) halite deposits and sub-micron nodules cluster in cavities, cracks and
other favorable topographic features (Fig I11.2f). These features were observed in all volcanic
ash samples analyzed, irrespective of the concentration of the applied HCl solution.

Figure 111.2: SEM images of experimental particles after (a) halite doped glass bead materials
produced in experimental stecJ:) }, (b)bhallte doped glass bead materials after spraying with
glass

deionized water, (c) un-dope ead materials after spraying with 12 M HCI, (d) halite
doped glass bead materials after spraying with 12 M HCI Les)surface nodules on halite doped
glass bead materials after Sé)raying with 12 M HCl, and (f} alite doped volcanic ash materials
after spraying with 12 M HCI.

For the glass bead materials, analytical leachates are dominated by Na and Cl (60-
139 mmol.kg!) with minor quantities (1-6 mmol.kg?) of Ca and Si, while all other elements
were present in concentrations below 1 mmol.kg™. The ratio of soluble Na in leachate
solutions, termed Nag (where a subscript s denotes a measured soluble cation concentration
throughout), to soluble Cl; is approximately 1, while the ratio of Na to the sodium content
we would predict from the known pre-existing halite load on the initial material, termed Na,,
(where a subscript p denotes the predicted soluble concentration), decreases from 3.8 to 0.4
as the pre-doped applied halite load increases. Analytical leachates from the volcanic ash
materials after exposure to HCl are similarly dominated by Na and Cl (206-1,308 mmol.kg™?).
Unlike the glass bead materials, the ratio of Nag to Clg in 12 M HCI experiments is 0.4 + 0.2,
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and increases from 0.4 to 0.9 with decreasing HCl concentration from concentrations of 12 M
to 0.7 M. The ratio Na;/Na,, decreases from 6.6 to 1.9 as the applied halite load increases,
and is approximately 1.5 + 0.5 for the aggregates formed under varying HCl concentrations.
This can be attributed to the decreasing proportional significance of Na extracted from the
material surface by HCl dissolution, as the magnitude of the pre-existing halite load increases.
Further, the differences in the absolute values of the Nag/Na, ratios between the two
materials are attributable to the incorporation of particles of particular grain size into the final
aggregates. For example, for the glass bead material, Na;/Na, decreases below unity,
implying that per unit mass there is less NaCl present in the final aggregates than cumulatively
on the surface of loose glass beads. This is possibly attributed to the slightly lower content of
fine particlesin the aggregates relative to the starting material. The reason for this observation
is not clear yet. In contrast, the volcanic ash aggregates show a finer mode than the starting
loose ash and exhibit Nag/Na,, ratios greater than unity; this is likely attributable to the
contribution of Na mobilized by ash surface dissolution to the pre-existing halite load. These
findings can also be shown by estimates of geometric specific surface area (SSAgeo), Which
were calculated from application of a spherical approximation to the particle size distributions
of the aggregate materials and are consistently half that of the initial glass beads
(Supplementary Material 111.11).

.5 Liquid spreading and redistribution of salts

Comparison between Fig Ill.2a and Ill.2b-d demonstrates that the NaCl crystals were
redistributed during liquid spraying and aggregation. In the glass bead samples, evenly
distributed crystals on the initially doped surfaces became localized NaCl crystal assemblages
at particle-particle contact points. NaCl assemblages between coarse glass beads are largerin
size (<10 um) compared to those between fine bead materials (<2 um; Fig lll.2¢c, d), conveying
less aggregate stability to fine materials. We interpret the formation of NaCl assemblages to
be due to the capillary-driven action of liquid films toward contact points. To explore this, we
consider a spherical particle of radius R with continuous film thickness h. The surface area of
the film with air is s; = 4m(R + h)2. This can be minimized by bunching the liquid in a collar
around the contact of two particles (Mitarai and Nori, 2006). The flow of the film toward the
contact area where the curvature of the liquid surface is largest is driven by the excess Laplace
pressure P = 2I'/a, where a is the radius of curvature at the contact point. Since a is smaller
(tighter curvature) than R + h for the relative radii during liquid collar formation, the flow is
toward the contact (Frenkel, 1945). Additionally, during drying of the liquid layer and collar,
salts precipitate. We use these simple arguments to suggest that during or after dissolution of
surface salt load, flow in the liquid film resulted in a liquid collar around the contact point of
particles, which in turn led to the precipitation of salt at these collars on drying (Figs 111.2 &
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[11.3). This effectively cemented the aggregates, preserving them for analysis. This process of
(1) dissolution of soluble minerals on the surface of ash particles, (2) transport of the resulting
liquid by capillary forces to contact points and (3) crystallization upon evaporation can be
rather quick as evidenced from deposits of the 2006 eruption of Tungurahua volcano, Ecuador.
In this case, accretionary lapilli were found exclusively close to Chambo river. During the
eruption, pyroclastic density currents had temporarily dammed the river. The hot (200-500°C)
deposits had interacted with the water, causing a secondary plume of elutriated ash and
locally increased air humidity (Kueppers et al., 2016).

a
) NaCl crystals ~NaCl
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«  particle NaCl cryétals » 1 ‘
Na* particle surface
b) i )
IR | | capillary-driven
. transport of NaCl accumulation
liquid film s through liquid .t
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Figure 111.3: (a) Liquid droplets of HCI or H,O spread around the particle as a liquid film,
dissolving the NaCl coating and triggering cation exchange with the underlying particle
surface. (b) Capillary forces accumulate NaCl-H,O brine at particle—garticle contact points,
forming liquid bridges. The Iic1uid layer thickness h, particle radius R and the curvature of
radius in the liquid neck a are abelled.éc) Evaporation of the liquids during drying ?rocesses
leads to precipitation of a solid NaCl bridge and depletes the particle surface in NaCl crystals.

lll.6  Surface leaching of materials

The interactions of volcanic ash particles and aggregates with HCl solutions offer insight
into those between in-plume ash particles and acidic liquid droplets. In 12 M HCl experiments,
there are strong relationships (r? > 0.85, when a linear relationship is assumed) between Al
Ks and Mns, elements which solely derive from ash surface dissolution; K /Al = 0.33,
Mng/Alg = 0.03, Mng /K, = 0.08. However, no similar relationship is observed between Cas
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or Mgs or between these and any of the former elements. This likely reflects the fact that
volcanic ash surface constituents do not dissolve at the same rates. Notably, the relative
abundance of ratios K /Alg, Mng /Al and Mn, /K, are similar to those for the bulk chemistry
of the volcanic ash material. Previous studies of volcanic glass (basalt to rhyolite compositions)
in low pH environments (pH 4 in dissolution experiments (Oelkers and Gislason, 2001), or pH
<1 in field observations (Gilbert and Lane, 1994)), have shown that metal release rates
decrease exponentially with increasing Si content. Silicate dissolution also involves an initially
incongruent leaching of univalent and divalent cations from the near surface region; Al release
exchange reactions between aqueous H* and Al in the glass structure set in before late-stage
dissolution of the Si network takes place (Oelkers and Gislason, 2001; Wolff-Boenisch et al.,
2004). While at long times of exposure to acidic solutions, the bulk silicate composition should
be congruent with the leachate chemistry, over the short exposure times of the current study,
it is likely that preferential leaching of alkalis and Al can explain our data.

Our observations highlight the influence of both variations in exposure time and in HCI
concentration on surface dissolution. In the second experiment series using the volcanic ash
material, the decrease in concentrations of soluble Al, Ca, K, Mg and Mn with decreasing HCI
concentrations (Fig Ill.4a) is due to the decreasing leaching efficiency and subsequent
dissolution of the silicate network. Additionally, volcanic ash aggregates produced herein and
extracted after only 10 seconds of exposure to 12 M HCI solutions produced significant
concentrations of soluble elements; on average, concentrations were ~3 times higher than
the global median of published ash leachate data (Ayris and Delmelle, 2012). For comparison,
at the end of the experiment, after 3755, concentrations were ~20 times higher. Even
considering that the high measured specific surface area (SSAger; 3 m2.g2) of the volcanic ash
materials amplifies the representation of surface salts in leachate data relative to natural ash
samples with lower SSAger (e.g., 1-2m?.g?, Delmelle et al.,, 2005), these results still
demonstrate the capacity for salt formation in volcanically relevant quantities on very short
timescales.

.7 Relevance to natural processes

Artificial aggregation experiments with the ProCell Lab can represent natural processes
directly without the necessity for scaling. Reynolds numbers in the fluidized bed system at the
operating conditions used here suggest that our experiments most likely reflect conditions of
limited particle concentrations (“dilute”), as expected in the upper part of eruption columns
or in the ash cloud overriding pyroclastic density currents (Mueller et al., 2016). Binder
concentrations reported in this study are higher than a natural average but still within the
upper limits of measured ranges. Artificial aggregation with average salt concentrations
reported for natural aggregates (~100s mg.kg) however has been carried out with the ProCell
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Lab (Mueller et al., 2016) with similar aggregation results. Experimental relative air humidity
necessary for aggregation (>10%), temperature range (40-60°C) and particle size distributions
(<90 um) are all naturally applicable.

1.8 Implications

Our experimental results represent the first laboratory investigation of the chemical
interactions between volcanic ash or glass beads and acid liquid droplets at temperature and
time conditions relevant to explosive eruptions. Our experiments suggest that interaction with
variably concentrated HCI droplets promote the preferential leaching and dissolution of the
ash surface and the precipitation of surficial chloride salts. Excluding the pre-existing halite
load, these salts were emplaced as submicron-sized, patchily distributed deposits, similar to
those observed on natural ash surfaces (Delmelle et al., 2007; Gislason et al., 2011). In
experiments conducted with 12 M HCI, volcanologically-relevant quantities of salts were
formed within 10 s of exposure, while quantities far in excess of those typically observed in
volcanic ash leachates were formed after 375 s. In the latter experiment, such prolonged
exposure times may only be relevant to the largest explosive eruptions; 3D plume models
(Suzuki et al., 2005) indicate that some ash particles in such events may be exposed to
temperature of 40-50 2C for similar periods. Dissolution of the ash surface by acid liquid
droplets in large explosive eruptions, particularly those which emit a significant quantity of
HCI, may therefore produce ash with high loads of biologically-relevant (Ayris et al., 2014) and
readily-soluble minor elements relative to that from smaller eruptions.

However, not all erupted ash particles will encounter liquid droplets of 12 M HCI, and
silicate dissolution at lower temperatures than those utilized in our experiments is significantly
slower (Chen and Brantley, 1997). Accordingly, it is likely that interactions between ash and
acidic liquid droplets in both large and small eruptions produce varying abundances of soluble
salts, perhaps even from ash particle to particle according to their individual plume
trajectories. Notably, comparison of eight pristine ash leachate data sets (Smith et al., 1983;
Hinkley et al., 1987; Armienta et al., 1998; Ruggierei et al., 2011; Durant et al., 2012; Bagnato
et al., 2013; D’Addabbo et al., 2015) reveals that Ca, Mg, K, and a number of biologically-
relevant minor and trace elements (Ba, Co, Cu, Li, Mn, Sr) increase with increasing Na
concentrations (Fig 4b). This should not be interpreted to indicate that Na is a causative factor,
but rather that the coincident increase in the abundance of major (Na, K, Mg, Ca) and both
minor and trace elements is consistent with increasing ash surface dissolution by liquid acid
films both within and across the different studies.

If acidic liquid films drive the formation of soluble salts in most volcanic eruptions, ash
deposits with comparatively high yields of biologically-relevant minor elements may coincide
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with areas of aggregate-driven sedimentation. Notably, in the retrospective analysis of ash
leachates from the May 18" eruption of Mount St Helens, it was noted that a region of low
Nas/Cls ratios, indicative of the presence of chloride salts other than halite and attributed to
ash interaction with HCl-rich hydrometeors, occurred in an area of aggregate fallout (Ayris et
al., 2015). For the same eruption, our observations can also explain the preservation of well-
rounded aggregates in the co-ignimbrite ash fall deposits from afternoon flows on May 18t
It was suggested that vaporization of glacier ice or groundwater promoted aggregation of ash
(Waitt and Dzurisin, 1981). Leaching of ash from blast deposits revealed a high salt load
(Hinkley et al., 1987), which would have encouraged preservation of aggregates (Mueller et
al, 2016). While the pre-existing salt load can be derived from several processes such as pre-
eruptive alteration by high temperature gases (Ayris et al., 2015), or the production of an NaCl
brine (Shinohara, 1994) which deposits NaCl aerosols on ash surfaces (Taylor and Stoiber,
1973;Smith et al., 1982), the condensation of water or acidic droplets onto ash particles would
have dissolved the existing salts, re-precipitating them at particle-particle contact points,
cementing the aggregates and permitting their preservation within the deposits.
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Figure IIl.4: Composite figure displaying a) Nas, Als, Ks, Cas, Mgs, Mns, Sis from volcanic ash
materials sprayed with varying HCl concentrations; b) selected soluble element
concentrations plotted against soluble Na concentrations using data from eleven leachate
studies (see Supplementary Material Ill.11), normalized to their maxima and offset arbitrarily
to be viewable at the same scale, with best-fit power-laws provided to guide the eye and to
demonstrate a commonality of slope.
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Volcanic ash aggregates bound by NaCl have been previously described at Sakurajima
volcano, Japan(Gilbert and Lane, 1994). The formation of NaCl-laden aggregates in the current
study presents further insight into the mechanisms of salt emplacement on ash surfaces and
their environmental fate. The spreading of a liquid film around the ash surface may re-deposit
the most soluble salts in areas of favourable surface morphology, while less soluble salts are
dispersed across larger regions of the surface. Convincingly, previous studies on ash-gas
interactions (Delmelle et al., 2007) and on ash deposits of the 2010 Eyjafjallajokull eruption
(Gislason et al., 2011), have documented thin nanoscale halite coatings on some particle
surfaces, similar to those in Fig. Ill.2e. The re-distribution of highly soluble salts from across
the ash surface into isolated assemblages potentially obscured or hidden by surface
topography could also make them difficult to observe without extensive microscopy analyses,
and impede their identification by surface sensitive techniques (e.g., XPS, Delmelle et al.,
2007), as their proportional footprint on the ash surface will be small.

Ash aggregation can occur by multiple processes, and does not necessarily require salt-
formation to bind particles together (Gilbert and Lane, 1994; Bonadonna et al., 2002; Van
Eaton et al., 2012). Alternative possibilities include rapid alteration of ash surfaces in the
presence of liquid water producing coatings of amorphous silica (Van Eaton et al., 2012) or
high temperature sintering by either viscous flow of hot ash surfaces producing necks or
diffusive exchange (Brown et al., 2010). However, salt redistribution volcanic ash surfaces or
surface dissolution-derived salt formation during any of the mechanisms of initial aggregation
will increase the stability of aggregates.
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.11 Supplementary material

Table 111.51: Compilation of aggregate specific surface area (m? g!) expressed as
geometric specific surface area (GEO), and as measured by argon adsorption and application
of the BET theory to the post-experiment aggregates (BET); and analytical leaching data for
the measured elements (Na, Cl, Al, Ca, K, Mg, Mn, Si; mmol.kg™) for SLS materials following
aggregation experiments with variable halite concentrations after spraying with water (SW1)
or with 12 M HCI (SA1-6), and for PHN materials following aggregation experiments with
variable halite concentrations after spraying with water (PW1); with 12 M HCI (PA1-6a); and
with variably diluted HCl solutions (PC1-6). The ratios of Nas:Cls and Nas:Nay, described in the
main text, are also given where appropriate. Additionally included is the global mean
concentration (GM) of the same measured elements in other volcanic ash leachate studies
(Smith et al. 1983; Hinkley et al., 1987; Armienta et al. 1998; De Hoog et al. 2001; Ruggieri et
al. 2011; Durant et al. 2012; Bagnato et al. 2013 D’Addabo et al. 2015).

Table 111.52: A compilation of leachate data for various cations used to generate Fig.
I1l.3b, as reported in seven previous studies of volcanic ash. Included as a separate digital .xlsx
file, including the study of origin, denoted by a two letter code also documented in the .xlsx
file, the original sample code, and the leachate concentration reported in mmol kg™. Data
were excluded when leachate compositions were i) not reported, ii) incompletely reported,
iii) reported as an average of multiple ash samples, iv) not pristine, or v) reported as being
below the detection limit of the prior study.
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. . . Mean
Sample Halite | Acid Specific PSD ) ) Elemental
[mmol | conc. | surface area Leachate concentration [mmol kg] .
Code 1 1 (um) ratios
kg™l [(M] [m?g]
GEO BET Na cl Al Ca K Mg Mn Si Na/Cls  Nag/Na,
SLS 0 0 0.09 3.4 60.5 1.24 <01 <0.1 0.9 <0.1 <0.1 <0.1 0.5 -
SW1 254 0 - - 59.3 . . . . . _ _ i
SAl 19 12 0.05 - 613 720 720 0.2 2.4 0.4 0.6 <0.1 1.9 1.0 3.8
SA2 28 12 - - 58.2  60.8 619 0.1 3.1 0.4 0.6 01 22 1.0 2.2
SA3 36 12 0.06 - 60.1 644  66.7 0.1 2.8 0.4 0.6 <0.1 1.7 1.0 1.8
SA4 84 12 0.06 - 55.1 103.4 1048 0.2 3.4 0.6 0.8 <0.1 22 1.0 1.2
SA5 168 12 0.05 - 63.2 147.1 1451 0.0 2.6 0.4 0.5 <0.1 1.8 1.0 0.9
SA6 248 12 0.05 - 60.7 142.7 1386 0.1 1.8 0.3 0.4 <0.1 5.1 1.0 0.6
PHN 0 0 0.31 2.9 59.36 - - - - - - - - - -
PAl 31 12 0.29 ~ - 206.1 7241 125 14.5 386 4.8 35 5.7 0.3 6.6
PA2 43 12 - 6.1 548 2391 8969 173.8 134  55.7 4.6 43 4.4 0.3 5.6
PA3 97 12 0.27 4.2 472 2273 5673 775 136 257 45 28 29 0.4 2.3
PA4 172 12 028 - - 3205 969.5 167 13.5 53.3 4.6 42 26 0.3 1.9
PA5 254 12 0.32 5.6 59.3 5143 1308. 2039 156  70.2 45 53 24 0.4 2.0
PA6 329 12 0.31 5.4 59.3  632.4 1273 1688 135 57.5 3.9 44 3 0.5 1.9
PA6a 329 12 - - B} 366.4 438.8 15.7 8.2 13.3 3 15 2.7 0.8 1.1
PC1 254 0 - 2.8 50.9 1849 177.2 0.3 2.1 4.6 0.6 01 23 1.0 0.7
PC2 264 0.7 0.33 - - 585.5 621.0 5.0 2.1 45 0.6 00 23 0.9 2.2
PC3 264 1.5 0.29 - - 4532 556.7 204 @ 8.7 10.9 2.6 1.4 34 0.8 1.7
PC4 254 2.9 0.35 2.6 79.8 3463 7494 76.4 11.3 19.5 2.9 22 23 0.5 1.4
PC5 237 5.8 0.26 - - 303.1 628.7 106.7 12.4 24.6 4.3 28 3.1 0.5 1.3
PC6 237 12 T - 359.5 9771 1642 152  36.6 5.0 3.3 23 0.3 1.5
GM - - - - - 17.7 33.9 23 54 1.9 144 04 1.0 - -
Table [11.51

56




Chapter Il Supplementary Material Table 111.52

Leachate concentration (mmol.kg™)

Armienta et al. (1998). Geochemistry of ash leachates during the 1994-1996 activity of Popocatepet! volcano.

Al As B Ba Ca C CO Cr Cs Cu Fe K Li Mg Mn Mo Na Ni Pb Rb Sb Se Si Sr Th Ti U Vv Zn
- - - - 1.2E+02 - - - - - - 3.0E+00 - 2.5E+00 - - 1.1E+01 - - - - 1.3E+02 - - - - - - -
- - - - 2.2E+02 2.5E-03 2.0E-02 - - 4.4E-02 - 8.1E+00 - 1.4E+01 4.2E-01 - 3.4E+01 - 8.5E-02 - 5.7E-04 2.3E+02 - - - 7.1E-03 - - 8.1E-01
- - - - 1.2E+02 1.9-03 1.8E-02 - - 8.0E-03 - 5.6E+00 - 1.0E+01 4.0E-01 - 2.3E+01 - - - 4.9E-04 1.4E+02 - - - 7.1E-03 - - 1.7E-01
- - - - 7.3E401 6.2E-04 1.5E-02 - - - - 1.7E+00 - 6.2E+00 2.3E-01 - 6.5E+01 - - - 5.7E-04 9.2E+01 - - - 2.1E-04 - - 2.0E-01
- - - - 5.0E+01 - - - - - - 4.1E+00 - 6.9E+00 - - 3.2E+01 - - - - 5.7E+01 - - - - - - -
- - - - 1.9E+01 - - - - - - 3.9E+00 - 2.8E+00 - - 1.1E+01 - - - - 1.9E+01 - - - - - - -
- - - - 4.5E+01 - - - - - - 2.1E+00 - 3.5E+00 - - 7.0E401 - - - - 4.4E+01 - - - - - - -
- - - - - 2.7E-04 2.2E-03 - - 2.0E-03 - - - - 8.8E-02 - - - - - 7.4E-04 - - - - 1.9-03 - - 2.9E-02
- - - - 4.7E+01 - - - - - - 1.2E+01 - 5.7E+00 - - 2.4E+01 - - - - 6.0E+01 - - - - - - -
- - - - - 3.6E-04 6.4E-03 - - 6.1E-03 - - - - 1.6E-02 - - - - - 6.6E-04 - - - - - - - 1.1E-02
- - - - - 2.7E-04 1.1E-02 - - - - - - - 3.1E-02 - - - - - 4.9E-04 - - - - 5.0E-03 - - -
- - - - 2.5E+01 - - - - - - 1.2E+01 - 2.0E+00 - - 1.7E+01 - - - - 3.1E+01 - - - - - - -
- - - - 3.5E+01 - - - - - - 1.7E+00 - 5.3E-01 - - 3.5E+00 - - - - 3.8E+01 - - - - - - -
- - - - - 8.9E-05 3.4E-04 - - - - - - - 1.3E-03 - - - - - 6.6E-04 - - - - - - - -
- - - - - 1.3E-03 2.7E-03 - - - - - - - 1.3E-02 - - - - - 5.1E-02 - - - - 7.1E-03 - - 5.5E-03
- - - - 1.7E+01 - 1.7E-04 - - - - 8.8E-01 - 1.6E+00 2.3E-02 - 2.1E+00 - 6.0E-02 - 4.1E-04 1.9E+01 - - - 8.4E-04 - - -
- - - - 8.7E+00  8.9E-04  1.7E-04 - - - - 1.7E+00 - 1.8E+00 - - 5.4E+00 - - - 4.1E-04  5.9E+00 - - - - - - -
- - - - 4.0E+00 2.6E-03 5.1E-04 - - 7.1E-03 - 5.3E+00 - 1.9E+00 1.6E-03 - 5.4E+00 - 3.4E-02 - 4.1E-04 6.0E+00 - - - 1.9-03 - - 4.8E-02
- - - - 4.2E+01 - - - - - - 9.7E+00 - 2.6E+01 - - 5.3E+01 - - - - 9.2E+01 - - - - - - -
- - - - - 3.6E-04 1.7E-04 - - - - - - - - - - - - - 4.9E-04 - - - - - - - 5.1E-02
- - - - 1.2E+01 - - - - - - 2.7E+00 - 6.6E+00 - - 1.3E+01 - - - - 2.4E+01 - - - - - - -

Bagnato et al. (2013). Scavenging of sulphur, halogens and trace metals by volcanic ash: the 2010 Eyjafjallajékull eruption.

Al As B Ba Ca C CO Cr Cs Cu Fe K Li Mg Mn Mo Na Ni Pb Rb Sb Se Si Sr Th Ti U Vv Zn
9.2E-02 1.3E-04 1.9E-04 7.3E-04 7.6E-01 3.5E-03 7.3E-03 4.4€E-03 3.8E-05 1.6E-04 5.4E-04 1.9e-01 1.4€-03 1.0E-01 4.7E-03 2.1E-05 1.6E+00 1.2E-03 9.7E-06 2.0E-03 1.6E-05 1.3E-04 - 4.0E-03 3.0E-04 7.5E-02 1.3E-05 4.0E-05 3.1E-03
4.0E+00 6.7E-04 9.3E-04 3.9E-03 2.7E+00 1.6E-03 3.4E-04 3.8E-05 2.3E-06 4.6E-03 5.6E-03 2.4E-01 7.2E-03 2.7E-01 8.0E-02 2.1E-04 3.9E+00 1.9-03 4.8E-06 4.7E-04 2.5E-06 8.9E-04 - 1.3E-02 4.3E-06 4.6E-03 4.2E-06 4.0E-04 3.0E-02
3.7E+00 6.7E-04 1.9-03 3.3E-03 1.8E+00 1.2E-03 3.4E-04 3.8E-05 2.3E-06 5.2E-03 8.6E-03 1.7E-01 7.2E-03 2.1E-01 7.6E-02 2.1E-04 3.4E+00 1.7E-03 4.8E-05 4.7E-04 8.2E-06 8.9E-04 - 1.2E-02 4.3E-06 3.3E-03 4.2E-06 6.0E-04 2.5E-02
3.9E+00 6.7E-04 1.9-03 3.9E-03 7.3E+00 1.3E-03 3.4E-04 3.8E-05 1.5E-06 3.9E-03 3.4E-03 6.1E-01 5.8E-03 6.6E-01 7.8E-02 2.1E-04 1.0E+01 2.0E-03 4.8E-06 4.7E-04 3.3E-06 8.9E-04 - 1.3E-02 4.3E-06 3.1E-03 4.2E-06 4.0E-04 2.4E-02
1.0E+00 2.7E-04 9.3E-04 1.9-03 7.6E+00 3.6E-04 1.7E-04 1.9E-05 2.3E-06 7.9E-03 5.2E-03 6.3E-01 2.9E-03 8.7E-01 2.9E-02 1.0E-04 9.8E+00 1.5E-03 4.8E-06 2.3E-04 2.5E-06 2.5E-04 - 4.0E-03 4.3E-06 1.9-03 8.4E-07 4.0E-04 1.6E-02
1.6E+00 1.3E-04 9.3E-04 2.1E-03 7.5E+00 5.3E-04 1.7E-04 1.9E-05 1.5E-06 4.2E-03 2.7E-03 5.4E-01 2.9E-03 6.4E-01 3.2E-02 1.0E-04 9.7E+00 1.4€-03 4.8E-06 2.3E-04 1.6E-06 2.5E-04 - 4.6E-03 4.3E-06 1.3E-03 3.8E-06 8.0E-05 1.3E-02
3.8E+00 6.7E-04 9.3E-04 2.5E-03 5.4E+00 1.2E-03 3.4E-04 3.8E-05 2.3E-05 7.1E-03 7.0E-03 5.0E-01 5.8E-03 5.4E-01 7.1E-02 2.1E-04 8.4E+00 1.5E-03 4.8E-06 4.7E-04 2.5E-06 8.9E-04 - 1.1E-02 4.3E-06 5.0E-03 4.2E-06 2.6E-04 2.3E-02
1.2E+00 1.3E-04 - 1.8E-03 2.2E+00 4.4E-04 1.7E-04 5.8E-05 1.5E-06 2.4E-03 5.4E-03 2.8E-01 4.3E-03 3.2E-01 2.8E-02 1.0E-04 4.1E+00 6.8E-04 1.4E-05 1.2E-04 1.6E-06 1.3E-04 - 3.7E-03 4.3E-06 1.7E-03 2.1E-06 2.0E-04 1.3E-02
1.0E+00 1.3E-04 9.3E-04 1.9-03 1.7E+00 2.7E-04 1.7E-04 3.8E-05 1.5E-06 4.7E-04 1.1E-03 1.5E-01 2.9E-03 3.1E-01 1.9E-02 4.2E-05 3.7E+00 6.8E-04 4.8E-06 1.2E-04 1.6E-06 1.3E-04 - 3.2E-03 8.6E-07 4.2E-04 8.4E-07 - 7.6E-03
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5.1E-01 4.0E-05 - 3.2E-03 1.1E+00 8.9E-05 - 3.8E-05 1.5E-06 1.6E-04 9.0E-04 1.0E-01 1.4-03 1.6E-01 9.1E-03 4.2E-05 2.0E+00 3.4E-04 4.8E-06 4.7E-05 1.6E-06 1.3E-04 - 1.8E-03 8.6E-07 - 8.4E-07 - 2.3E-03
De Hoog et al. (2001). Sulfur and chlorine degassing from primitive arc magmas: temporal changes during the 1982—1983 eruptions of Galunggung (West Java, Indonesia).

Al As B Ba Ca Cd CO Cr Cs Cu Fe K Li Mg Mn Mo Na Ni Pb Rb Sb Se Si Sr Th Ti U Vv Zn
1.3E-01 - - - 1.6E+01 - - - - - 4.3E-02 - - 6.6E+00 4.6E-01 - 1.1E+01 - - - - - 5.6E-01 - - - - - -
8.9E-02 - - - 2.8E+01 - - - - - 1.8E-02 - - 1.0E+01 9.1E-01 - 2.1E+01 - - - - - 7.8E-01 - - - - - -

- - - - 6.2E+01 - - - - - 1.4-02 - - 1.3E+01 1.0E+00 - 2.4E+01 - - - - - 1.4E+00 - - - - - -
5.3E-01 - - - 2.3E4+01 - - - - - 2.9E-01 - - 5.6E+00 1.6E-01 - 1.8E+01 - - - - - 2.8E+00 - - - - - -
1.1E-01 - - - 3.1E+00 - - - - - 1.6E-02 - - 1.5E+00 2.2E-02 - 1.1E+01 - - - - - 3.1E-01 - - - - - -
2.9E-01 - - - 3.3E+01 - - - - - 1.6E-01 - - 8.8E+00 1.2E-01 - 1.6E+01 - - - - - 2.9E+00 - - - - - -
1.6E-01 - - - 2.8E+01 - - - - - 2.7E-02 - - 8.3E+00 4.2E-01 - 2.2E+01 - - - - - 9.6E-01 - - - - - -
1.2E-01 - - - 3.0E4+01 - - - - - 2.5E-02 - - 9.3E+00 4.9€-01 - 2.7E401 - - - - - 8.5E-01 - - - - - -

- - - - 5.9E+00 - - - - - 5.6E-01 - - 3.7E+00 1.0E-01 - 1.5E+01 - - - - - 3.6E-01 - - - - - -
2.1E-01 - - - 5.8E400 - - - - - 1.1E-02 - - 376400  8.7E-02 - 1.1E+01 - - - - - 6.4E-02 - - - - - -

- - - - 1.0E4+01 - - - - - 1.4E-02 - - 6.0E+00  1.3E-01 - 1.86+01 - - - - - 2.3E-01 - - - - - -
4.1E-01 - - - 1.0E4+01 - - - - - 2.3E-02 - - 34E+00  6.2E-02 - 2.5E+01 - - - - - 6.8E-01 - - - - - -
2.7€-01 - - - 1.2E+00 - - - - - - - - 7.0E-01 - - 9.4E400 - - - - - 5.7E-02 - - - - - -

- - - - - - - - - - 8.2€-02 - - - - - 9.7E+00 - - - - - 5.0E-01 - - - - - -
2.3E+00 - - - 1.36+01 - - - - - - - - 73E+00  1.1E-01 - 1.86+01 - - - - - 2.0E-01 - - - - - -
1.4E-01 - - - 4.6E+00 - - - - - - - - 6.2E-01 - - 9.6E400 - - - - - 1.1E-01 - - - - - -

- - - - 1.0E+00 - - - - - - - - 5.8E-01 - - 1.0E+01 - - - - - 1.3€-01 - - - - - -

- - - - - - - - - - - - - - - - 8.3E+00 - - - - - 1.4E-01 - - - - - -

- - - - - - - - - - - - - - - - 7.9E400 - - - - - 1.1E-01 - - - - - -

Durant et al. (2012). Long-range volcanic ash transport and fallout during the 2008 eruption of Chaitén Volcano, Chile.

Al As B Ba Ca C CO Cr Cs Cu Fe K Li Mg Mn Mo Na Ni Pb Rb Sb Se Si Sr Th Ti U Vv Zn
1.6E-01 - - - 2.1E+00 3.0E-06 2.4E-05 4.0E-06 - 6.6E-04 1.6E-02 3.5E-01 - 5.9E-01 5.0E-02 - 3.3E+00 6.4E-05 - - - 5.5E-05 6.1E-01 - - - - - 5.5E-03
8.0E-02 - - - 3.3E+00 1.0E-06 2.5E-05 - - 2.6E-04 5.7E-03 9.6E-01 - 5.8E-01 4.0E-02 - 3.0E+00 7.5E-05 - - - 8.6E-05 4.6E-01 - - - - - 4.0E-04
1.0E-01 - - - 6.3E-01 - 1.0E-05 9.0E-06 - 4.6E-04 8.0E-04 2.8E-01 - 4.8E-01 1.7E-03 - 3.4E+00 6.6E-05 - - - 6.7E-05 5.1E-01 - - - - - -
9.0E-02 - - - 1.1E+00 2.0E-06 1.8E-05 2.0E-06 - 3.5E-04 3.2E-03 4.0E-01 - 2.9E-01 2.4E-02 - 2.4E+00 3.7E-05 - - - - 3.5E-01 - - - - - 5.2E-03
4.0E-02 - - - 4.2E+00 - 1.4E-05 - - 3.7E-04 1.5E-04 3.6E-01 - 7.6E-01 1.3E-02 - 3.1E+00 7.6E-05 - - - 4.2E-05 5.2E-01 - - - - - -
8.0E-02 - - - 2.8E+00 - 2.2E-05 2.0E-05 - 3.1E-04 8.2E-03 2.9E-01 - 1.2E+00 2.3E-02 - 2.4E+00 5.2E-05 - - - 4.0E-06 4.5E-01 - - - - - 1.8E-04
1.3E-01 - - - 8.9E-01 1.0E-06 3.3E-05 4.3E-05 - 5.4E-04 1.3E-02 4.9€-01 - 4.0E-01 2.9E-02 - 1.8E+00 5.8E-05 - - - - 4.9€-01 - - - - - 2.3E-03
1.7E-01 - - - 6.4E-01 2.0E-06 1.8E-05 - - 3.4E-04 1.6E-02 7.3E-01 - 2.9E-01 1.8E-02 - 1.6E+00 3.8E-05 - - - 1.7E-05 6.0E-01 - - - - - 5.9E-03
6.0E-02 - - - 9.6E-01 1.0E-06 2.0E-05 - - 3.5E-04 1.0E-04 8.7E-01 - 3.1E-01 2.3E-02 - 2.5E+00 4.3E-05 - - - - 2.2E-01 - - - - - 3.3E-03
6.0E-02 - - - 4.4E+00 1.0E-06 9.0E-06 1.1E-05 - 4.0E-04 1.2E-03 3.1E-01 - 5.5E-01 1.0E-02 - 3.3E+00 8.0E-05 - - - 4.5E-05 8.2E-01 - - - - - 2.8E-04
2.0E-02 - - - 4.2E+00 1.0E-06 1.5E-05 7.7€-05 - 6.5E-04 - 4.6E-01 - 6.9E-01 6.8E-03 - 2.9E+00 2.3E-04 - - - 2.5E-05 7.8E-01 - - - - - 1.4E-04
7.0E-02 - - - 2.4E+00 2.0E-06 2.7E-05 - - 3.6E-04 3.7E-03 5.0E-01 - 7.2E-01 5.0E-02 - 4.1E+00 8.6E-05 - - - - 2.9E-01 - - - - - 3.1E-03
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- - - - 1.9E+00 - - - - - - 5.6E-01 - 4.2€-01 - - 3.5E+00 - - - - - - - - - -
6.0E-02 - - - 126400 2.0E06  7.0E-06 - - 73E04  36E-03  5.0E-02 - 24E01  8.3E-03 - 36E+00  3.3E-05 - - - 20E-06  7.4E-01 - - - -
- - - - 2.0E+00 - - - - - - 7.0E-02 - 2.1E-01 - - 2.3E+00 - - - - - - - - - -
Hinkley et al. (1987). Chemistry of ash and leachates from the May 18, 1980 eruption of Mount St. Helens, Washington.

Al As B Ba Ca C CO Cr Cs Cu Fe K Li Mg Mn Mo Na Ni Pb Rb Sb Se Si Sr Th Ti Zn
- - - 3.1E-02 1.7E+01 - 5.1E-03 - - - - 1.8E+00 - 2.9E+00 1.8E-01 - 1.8E+01 - - - - - 1.1E+00 3.1E-02 - - -
- - - 3.0E-02 1.8E+01 - 5.1E-03 - - - - 1.9E+00 - 3.3E+00 2.0E-01 - 1.8E+01 - - - - - 7.1E-01 3.1E-02 - - -
- - - 4.8E-02 2.2E+01 - 6.8E-03 - - - - 2.3E+00 - 3.7E+00 2.6E-01 - 2.3E+01 - - - - - 1.1E+00 3.8E-02 - - -
- - - 2.5E-02 2.3E+01 - 5.1E-03 - - - - 2.2E+00 - 3.7E+00 2.6E-01 - 2.3E+01 - - - - - 7.1E-01 3.8E-02 - - -
- - - 3.5E-02 2.2E+01 - 5.1E-03 - - - - 2.5E+00 - 4.1E+00 3.3E-01 - 1.5E+01 - - - - - 7.1E-01 3.9E-02 - - -
- - - 2.3E-02 1.1E+01 - 5.1E-03 - - - - 1.4E+00 - 2.1E+00 1.5E-01 - 8.7E+00 - - - - - 7.1E-01 2.1E-02 - - -
- - - 2.8E-02 2.4E+01 - 5.1E-03 - - - - 2.5E+00 - 4.1E+00 2.7E-01 - 1.7E+01 - - - - - 1.1E+00 4.0E-02 - - -
- - - 3.4E-02 2.4E+01 - 6.8E-03 - - - - 2.4E+00 - 4.1E+00 2.7E-01 - 1.8E+01 - - - - - 1.1E+00 4.0E-02 - - -
- - - 4.9E-02 3.0E401 - 5.1E-03 - - - - 2.9E+00 - 4.9E+00 3.5E-01 - 2.2E+01 - - - - - 1.1E+00 4.9E-02 - - -
- - - 3.5E-02 2.7E401 - 6.8E-03 - - - - 2.7E+00 - 4.5E+00 3.3E-01 - 2.0E+01 - - - - - 1.1E+00 4.3E-02 - - -
- - - 2.4E-02 3.0E4+01 - 5.1E-03 - - - - 2.8E+00 - 4.5E+00 3.5E-01 - 2.1E+01 - - - - - 1.1E+00 4.8E-02 - - -
- - - 3.8E-02 1.8E+01 - 5.1E-03 - - - - 1.9E+00 - 3.3E+00 2.4E-01 - 1.7E+01 - - - - - 1.1E+00 3.2E-02 - - -
- - - 2.3E-02 9.5E+00 - 3.4E-03 - - - - 1.4E+00 - 2.5E+00 1.3E-01 - 1.5E+01 - - - - - 3.6E-01 1.8E-02 - - -
- - - 3.9E-02 9.0E+00 - 5.1E-03 - - - - 1.3E+00 - 2.1E+00 1.1E-01 - 1.5E+01 - - - - - 7.1E-01 1.7E-02 - - -
- - - 3.4E-02 1.0E+01 - 3.4E-03 - - - - 1.0E+00 - 1.6E+00 1.1E-01 - 1.2E+01 - - - - - 7.1E-01 1.9E-02 - - -
- - - 3.1E-02 7.0E+00 - 3.4E-03 - - - - 9.0E-01 - 1.2E+00 5.5E-02 - 6.1E+00 - - - - - 1.1E+00 1.1E-02 - - -
- - - 2.6E-02 2.7E401 - 5.1E-03 - - - - 2.3E+00 - 3.7E+00 2.9E-01 - 1.7E+01 - - - - - 1.1E+00 4.3E-02 - - -
- - - 3.2E-02 1.0E+01 - 3.4E-03 - - - - 1.2E+00 - 2.1E+00 1.5E-01 - 1.3E+01 - - - - - 7.1E-01 2.1E-02 - - -
- - - 2.5E-02 1.1E+01 - 5.1E-03 - - - - 1.4E+00 - 2.1E+00 1.6E-01 - 1.3E+01 - - - - - 7.1E-01 2.2E-02 - - -
- - - 4.2E-02 8.0E+00 - 5.1E-03 - - - - - - 1.6E+00 1.3E-01 - 1.3E+01 - - - - - 7.1E-01 1.7E-02 - - -
- - - 4.9E-02 1.0E+01 - 5.1E-03 - - - - 9.7E-01 - 1.6E+00 5.5E-02 - 1.0E+01 - - - - - 1.1E+00 1.8E-02 - - -
- - - 2.3E-02 8.2E+00 - 5.1E-03 - - - - 9.2E-01 - 1.6E+00 1.1E-01 - 1.2E+01 - - - - - - 1.7E-02 - - -
- - - 1.6E-02 8.2E+00 - 3.4E-03 - - - - 9.5E-01 - 1.6E+00 1.1E-01 - 1.1E+01 - - - - - 3.6E-01 1.8E-02 - - -
- - - 3.9E-02 7.5E+00 - 5.1E-03 - - - - 9.7E-01 - 1.6E+00 1.1E-01 - 1.1E+01 - - - - - - 1.6E-02 - - -
- - - 2.1E-02 7.5E+00 - 5.1E-03 - - - - 9.7E-01 - 1.6E+00 1.1E-01 - 1.1E+01 - - - - - - 1.6E-02 - - -
- - - 2.8E-02 6.5E+00 - 5.1E-03 - - - - 7.7€-01 - 1.2E+00 5.5E-02 - 8.7E+00 - - - - - 3.6E-01 1.5E-02 - - -
- - - 3.5E-02 1.7E+01 - 3.4E-03 - - - - 1.5E+00 - 2.5E+00 1.6E-01 - 1.4E+01 - - - - - 7.1E-01 3.0E-02 - - -

D’Addabbo et al. (2015). Ash leachates from some recent eruptions of Mount Etna and Popocatépet

| volcanoes and their impact on amphibian living freshwater organisms.

Al As B Ba Ca C CO Cr Cs Cu Fe K Li Mg Mn Mo Na Ni Pb Rb Sb Se Si Sr Th Ti Zn
- 1.2€-04  2.0E-01 - 9.7E+00 - - - - - 4.4€-02  8.3E-01 - 476400  1.8E-02 - 4.9E400 - - - - - 5.1E-01 - - - -
- 8.4E-04 1.8E-01 - 9.7E+00 - - - - - 5.9E-02 8.5E-01 - 4.8E+00 1.7E-02 - 4.6E+00 - - - - - 7.2E-01 - - - -
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- 1.4E-04 1.4-01 - 8.0E+00 - - - - - 6.1E-02 1.5E-01 - 3.8E+00 3.0E-03 - 1.3E+00 - - - - - 2.8E-01 - - - - - -

- 1.4E-04 5.1E-01 - 9.1E+00 - - - - - 4.7E-02 6.7E-01 - 4.3E+00 6.7E-03 - 2.8E+00 - - - - - 4.5E-01 - - - - - -

- - 6.7E-02 - 5.8E+01 - - - - - 1.1E-02 1.0E+00 - 2.9E+01 3.8E-01 - 2.4E+01 - - - - - 2.9E-01 - - - - - -

- - 3.5E-02 - 3.9E+01 - - - - - - 7.5E-01 - 2.0E+01 2.5E-02 - 1.6E+01 - - - - - 7.4E-01 - - - - - -
Ruggieri et al. (2011). Environmental geochemistry of recent volcanic ashes from the Southern Andes.

Al As B Ba Ca C CO Cr Cs Cu Fe K Li Mg Mn Mo Na Ni Pb Rb Sb Se Si Sr Th Ti U Vv Zn
5.5E-02 9.6E-05 1.1E-02 1.2E-04 2.5E-01 6.8E-06 2.1E-04 6.8E-05 3.0E-07 3.9E-04 3.1E-02 - 5.7E-04 5.0E-01 4.4€E-03 3.5E-06 2.8E-01 4.5E-04 1.5E-05 3.6E-05 1.3E-06 - 3.0E-02 5.5E-04 - 1.9E-04 - 3.7E-05 3.3E-03
1.2E-02 7.8E-05 5.6E-03 2.0E-05 8.6E-02 8.9E-08 3.1E-06 4.9E-05 1.5e-07 5.6E-05 5.7E-03 - 6.1E-05 - 3.2E-04 5.5E-06 3.5E-03 1.7E-04 4.2E-06 5.0E-06 - - 3.8E-02 8.1E-05 - 1.0E-03 - - 8.9E-04
3.1E-02 1.1E-05 2.5E-03 1.4E-05 6.6E-02 6.2E-07 4.2E-06 4.5E-05 7.5E-08 2.0E-04 5.2E-03 - 1.4E-04 - 1.4E-04 2.0E-05 1.9e-02 1.8E-04 4.8E-06 - - - 4.6E-02 1.4E-04 - 4.9E-04 2.5E-07 4.2E-05 1.6E-03
5.2E-02 2.5E-03 1.4-02 8.3E-05 1.2E-01 2.8E-06 7.8E-06 4.3E-05 5.0E-06 3.1E-04 2.5E-02 - 1.0E-03 3.2E-02 1.1E-03 3.3E-05 1.6E-01 1.9E-04 1.2E-05 5.6E-05 - - 1.2E-01 1.1E-04 - 4.1E-04 3.8E-07 1.2E-04 1.4-03
4.3E-02 7.2E-05 7.4E-03 4.9E-05 1.2E-01 2.8E-06 9.5E-06 7.9E-06 1.5e-07 8.9E-05 1.3E-02 - 1.7E-04 3.5E-02 1.1E-03 5.3E-06 2.9E-01 1.7E-04 1.0E-05 1.5E-05 2.5E-07 - 5.0E-02 1.9E-04 - 1.6E-03 - 9.6E-05 1.3E-03

Smith et al. (1983). Leaching characteristics of ash from the May 18, 1980, eruption of Mount St. Helens volcano, Washington.

Al As B Ba Ca Cd CO Cr Cs Cu Fe K Li Mg Mn Mo Na Ni Pb Rb Sb Se Si Sr Th Ti U Vv Zn
- - - 1.2E-03 1.1E+01 2.2E-04 2.4E-04 - - 6.3E-04 2.8E-04 - 3.2E-02 2.3E+00 1.7E-01 - 1.4E+01 - - - - - 6.7E-01 2.1E-02 - - - - 3.5E-03
- - - 1.3E-03 2.0E4+01 - 2.2E-04 - - - 3.1E-04 - 7.5E-02 3.5E+00 2.4E-01 - 2.0E4+01 - - - - - 6.7E-01 2.5E-02 - - - - 4.5E-03
- - - 1.1E-03 1.2E+01 - 4.7E-04 - - 1.0E-03 - - 3.7E-02 2.3E+00 1.8E-01 - 1.2E+00 - - - - - 6.7E-01 2.1E-02 - - - - 1.0E-02
- - - 1.0E-03 1.3E+01 1.9E-04 3.9E-04 - - 1.3E-03 1.1E-04 - 3.7E-02 2.5E+00 1.7E-01 - 1.4E+01 - - - - - 5.9E-01 2.1E-02 - - - - 1.0E-02
- - - 7.3E-05 2.7E+00 - - - - 6.9E-04 1.9-04 - 2.0E-03 5.6E-01 1.5E-02 - 3.7E+00 - - - - - 6.3E-01 4.6E-03 - - - - 1.5E-03
- - - 9.0E-03 1.8E+01 - 3.3E-04 - - 1.6E-03 7.2E-04 - 4.6E-02 2.6E+00 1.5E-01 4.6E-04 1.6E+01 - - - - - 9.3E-01 2.7E-02 - - - - 1.8E-02
- - - 1.2E-03 6.2E+00 - 3.3E-04 - - 2.8E-03 4.0E-02 - 2.4E-02 1.1E+00 1.1E-01 - 7.7E+00 - - - - - 5.9E-01 1.6E-02 - - - - 1.0E-02
- - - 1.6E-03 1.4E+01 4.6E-05 4.3E-04 - - 2.5E-03 1.8E-02 - 3.7E-02 2.5E+00 2.1E-01 - 1.4E+01 - - - - - 7.3E-01 2.3E-02 - - - - 2.1E-02
- - - 1.1E-03 1.1E+01 2.2E-04 1.2E-03 - - 6.9E-03 8.6E-03 - 3.0E-02 2.3E+00 1.5E-01 - 9.8E+00 - - - - - 6.1E-01 2.0E-02 - - - - 6.1E-02
- - - 1.1E-03 6.7E+00 - - - - 2.5E-03 3.5E-02 - 2.1E-02 1.1E+00 1.1E-01 - 8.4E+00 - - - - - 5.5E-01 1.1E-02 - - - - 2.9E-03
- - - 1.4€-03 1.2E+01 2.9E-03 2.8E-04 - - 3.5E-03 3.7E-03 - 2.5E-02 2.1E+00 1.1E-01 - 1.3E+01 - - - - - 6.6E-01 1.7E-02 - - - - 1.4-02
- - - 6.4E-04 9.5E+00 8.2E-05 - - - 3.4E-03 3.3E-04 - 1.6E-02 1.5E+00 6.5E-02 - 8.6E+00 - - - - - 5.7E-01 1.6E-02 - - - - 1.5E-02
- - - 1.1E-03 9.0E+00 - 3.4E-04 - - 1.1E-03 4.2E-04 - 2.5E-02 1.8E+00 1.3E-01 - 1.1E+01 - - - - - 7.3E-01 1.7E-02 - - - - 3.4E-03
- - - 1.1E-03 9.8E+00 - 5.5E-04 - - 7.6E-03 4.7E-03 - 1.7E-02 1.6E+00 9.5E-02 5.4E-04 1.1E+01 - 2.1E-04 - - - 5.9E-01 2.0E-02 - - - - 1.8E-03
- - - 9.9E-04 1.4E+01 - 4.1E-04 - - 3.0E-03 3.5E-03 - 3.3E-02 2.1E+00 1.3E-01 4.2E-04 1.2E+01 - 2.7E-04 - - - 7.3E-01 3.3E-02 - - - - 1.6E-02
- - - 1.4€-03 7.9E+00 7.1E-05 4.8E-04 - - 1.4€-03 5.4E-04 - 1.6E-02 1.5E+00 1.1E-01 5.0E-04 1.1E+01 - - - - - 5.8E-01 1.7E-02 - - - - 1.1E-03
- - - 1.4€-03 1.7E+01 - - - - 5.4E-03 7.9E-03 - 4.1E-02 2.5E+00 2.0E-01 5.8E-04 1.4E+01 - - - - - 8.0E-01 2.9E-02 - - - - 4.1E-01
- - - 6.4E-04 5.6E+00 - - - - 1.1E-03 6.7E-04 - 1.7E-02 1.0E+00 6.6E-02 - 8.2E+00 - - - - - 5.3E-01 1.1E-02 - - - - 2.3E-03
- 1.7E-03 1.3E+01 - 6.8E-04 - - 2.3E-02 3.2E-03 - 3.5E-02 2.5E+00 1.9e-01 4.6E-04 1.4E+01 - - - - - 8.7E-01 2.4E-02 - - - - 6.7E-03

Table 111.52
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IV.1 Abstract

Numerical modeling of ash plume dispersal is an important tool for forecasting and
mitigating potential hazards from volcanic ash erupted during explosive volcanism. Recent
tephra dispersal models have been expanded to account for dynamic ash aggregation
processes. However, there are very few studies on rates of disaggregation during transport. It
follows that current models regard ash aggregation as irrevocable and may therefore
overestimate aggregation-enhanced sedimentation. In this experimental study, we use
industrial granulation techniques to artificially produce aggregates. We subject these to
impact tests and evaluate their resistance to break-up processes. We find a dependence of
aggregate stability on primary particle size distribution and solid particle binder concentration.
We posit that our findings could be combined with eruption source parameters and
implemented in future tephra dispersal models.
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IV.2 Introduction

Numerous investigations, using field, numerical and experimental approaches have
extended our understanding of the generation of volcanic ash aggregates (e.g. Schumacher
and Schmincke, 1991; Gilbert and Lane, 1994; Schumacher and Schmincke, 1995; Textor et al.,
2006 a&b; Brown et al.,, 2010; Taddeucci et al., 2011; Brown et al., 2012 and references
therein; Van Eaton et al., 2012; Telling and Dufek, 2012; Van Eaton and Wilson, 2013; Telling
et al., 2013; and Mueller et al., 2016). The control of volcanic ash aggregation on ash plume
dispersal has also been demonstrated by field studies (Durant et al., 2009; Watt et al., 2009;
Bonadonna et al., 2011) and is now a well-accepted component in numerical modeling of
volcanic ash dispersal (e.g. Costa et al., 2006; Costa et al., 2010; Folch et al., 2010; and 2016).
However, an understanding of aggregate preservation potential during transport and
sedimentation processes is not yet fully understood. Ash is exposed to strongly variable
transport conditions that may control aggregation rates (e.g. wind speed, temperature,
humidity, acidity, glass content of the ash, particle-particle interaction rates). Nevertheless,
the same factors can also control aggregate preservation potential. Disaggregation processes
resulting from the elastic mechanical stresses associated with particle-particle interactions
may occur both during transport (aggregate-aggregate or aggregate-particle) as well as during
sedimentation (aggregate-substrate). There are two key controls on aggregate stability: (1)
the properties of the ash particles that form aggregates (i.e. primary particle size, morphology
and the aggregate binder agent, e.g. Thornton and Liu, 2004; Bika et al., 2005; and Adi et al.,
2011) and (2) aggregate size, shape and roughness. Aggregates fail to remain intact and
cohesive if extrinsic elastic stress is higher than the tensile strength of inter-particle contact
areas. Analysis of large volcanic aggregates (i.e. mm- to cm-size) from several locations has
shown secondary mineral phases like NaCl, MgSO4 or CaSQO4 (Sheridan and Wohletz, 1983;
Tomita et al., 1985; Gilbert and Lane, 1994; Brown et al., 2010; Scolamacchia and Dingwell,
2014; and Mueller et al., 2016) that act as binding agents between particles. Crack initiation
in solid salt bridges may lead either to internal failure of the solid bridge (cohesive failure) or
failure of the contact line between solid bridge and particle (adhesive failure; see Mullier et
al., 1987). Depending on the initial impact energy, particles may be chipped off from the
aggregate surface (low impact energy), the aggregate may fragment into several parts
(moderate impact energy) or the aggregate may wholly disaggregate into primary particles
(high impact energy; Walker, 1995). Any size reduction process will liberate individual ash
particles that subsequently respond in their dispersal behavior based on the aerodynamic
properties of single ash shards whose density and drag coefficients differ from those of the
prior aggregates. Clearly then, ash aggregation cannot be solely considered as irreversible
process that progressively contributes to depletion of airborne ash. The probability of
disaggregation processes and resultant influence of locally increased ash concentrations on

65



Chapter IV Stability evaluation of aggregates

bulk ash plume dispersal remains unexplored and is not explicitly implemented in tephra
dispersal models.

Recent experimental studies have shown the influence of density instabilities and ash
particle concentration (loose, not aggregated) on dispersal and settling behavior (distance
from vent and velocity) of volcanic ash (Del Bello et al., 2017; Scollo et al., 2017). From a
computational point of view, model results of tephra dispersal and deposition is crucially
modified by ash aggregation processes. Neglecting aggregation within a tephra dispersal
model may lead to a tephra loading underestimate in proximal area (tens to hundreds of
kilometers of distance from the vent) and an overestimate in distal regions (Taddeucci et al.,
2011; Mastin et al., 2016). The removal of ash particles from the plume in aggregation events,
and the re-release of those ash particles during disaggregation events affects the dispersal
and the tephra fallout deposit thickness variations down-wind. Although a variable ash
dispersal pattern has been observed and reported for several eruptions and attributed to
aggregation processes (Telling et al., 2013; Brazier et al., 1982; Durant et al., 2010; Mastin et
al., 2016), this is not necessarily reflected in the fall deposits of the eruption, because
disaggregation during deposition can remove the evidence that particles aggregated in the
first place (Poret et al., 2017). While the latest models of ash dispersal take ash aggregation
into account by solving for advection-diffusion-sedimentation equations in defined
meteorological conditions and using input eruption source parameters (e.g., eruption
duration, column height, total erupted mass, mass eruption rate, and total grainsize
distribution, e.g., Folch et al., 2016; Mastin et al., 2016), no plume model incorporates post-
aggregation disaggregation processes. Such plume models incorporate aggregation as an
effective aggregated class of particles in the plume (characterized by a diameter d, and a
density p,) in different ways. For example, the Cornell model (Cornell et al., 1983) fills the
class with 50% of the 63-44 um ash particles, 75% of the 44-31 um and 90% of the smaller
than 31 um. The Sulpizio model (Sulpizio et al., 2012) considers a constant aggregated fraction
defined by the user. And the Costa et al. model (Costa et al., 2010; Folch et al., 2016) is more
complex and solves for the first order of the Smoluchowski equation (Smochulowski and
Veruch, 1917) to estimate the fractions of each gain-size class to remove from the primary
particle classes. Software packages such as FPlume (Folch et al., 2016) and FALL3D (Costa et
al., 2006; Folch et al., 2009; Folch et al., 2012) have implemented each of these techniques.
From these constraints, among the eruption source parameters, aggregation processes are
likely to affect the total grain size distribution most substantially, and especially the fine-ash
tail of the distribution. This highlights the need to assess the total size distribution, which is
representative of bulk tephra deposits.
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It’s clear that aggregation models are incorporated into plume models. But it is also
important to implement disaggregation processes based on both observational and
experimental data. Aggregate growth and stability characteristics can be estimated by
coupling observations from deposits with in-situ observations during eruptions through the
application of monitored eruption source parameters (Mastin et al., 2009), such as total grain
size distribution or mass eruption rate. We can envisage end member scenarios for the
aggregation-disaggregation process in plumes. First, efficient aggregation occurs. This can be
because aggregation is efficient while disaggregation is inefficient such that particle fall
deposits are modified by the progressive coarsening of the plume load. Second, no net
aggregation occurs, which can be because aggregation is inefficient or because disaggregation
is more efficient than aggregation. This scenario would result in particle size classes that are
either unaffected during classic plume transport, or they are variably aggregated and
disaggregated in-plume causing additional complexity in ash dispersal patterns.

Here, we present the results of an experimental campaign in which aggregates, bound
by salt bridges at particle-particle contact points (Mueller et al., 2016), have been subjected
to impact events at a range of constrained energies. We identify the failure modes and
estimate the strength of the aggregates of particles which are crucial parameters for future
incorporation of disaggregation processes into tephra dispersal models.

IV. 3 Methods

IV.3.1 Production of sample materials

Experimentally-generated aggregates of 1) soda-lime silicate glass beads and 2)
phonolitic Laacher See volcanic ash (Eifel, Germany), were used for the experiments; the
granulometry of selected samples was determined using a Coulter LS-230 laser diffraction
particle size analyser (Fraunhofer optical model, imaginary/real refractive indices of 0.001 /
1.52 for glass beads and 0.1 / 1.52 for volcanic ash; see Table 1 and Appendix for detailed grain
size distribution of experimental materials). Aggregates were produced at Glatt
Ingenieurtechnik GmbH, Weimar, Germany, by applying fluidization bed techniques with the
Glatt ProCell Lab®. Particle aggregation was achieved in two steps. First, particles were placed
in a vessel and transformed from a deposited state at rest to a fluid-like state in motion
through an upwards directed gas-stream, generating a fluidized bed. This lead to effective
particle concentrations of 0.003 g cm=, which relates to dilute and downwind areas of volcanic
plumes or lofted plumes coincident with pyroclastic density currents. Humidity was controlled
by spraying NaCl-H,O mixture of various concentration into the fluidized sample via a nozzle
(1.0 bar pressure and 8 ml.min spray rate) at low spray rate, the NaCl brine is only wetting
the particle surfaces, but did not lead to aggregation. At well-controlled temperatures of 25-
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110°C, evaporation of the liquid resulted in precipitation of NaCl crystals on particle surfaces
with regular, isotropic distribution. Then, de-ionized H,0 was sprayed into the fluidized bed
at a significantly higher spray-rate of 50 ml.min. Aerosolized liquid droplets deposited on
particle surfaces and partially dissolved the previously deposited NaCl crystals. The high
amount of liquid in the second step allowed for particles to cluster for longer periods and for
aggregates to grow bigger. Capillary forces allowed for the movement of the surficial NaCl
brine to particle-particle contact points (Mueller et al., 2017). Upon drying, solid NaCl bridges
crystallized and cemented the aggregates. Aggregates strong enough to survive the drying and
collection process were able to be collected and analyzed for this study. (See Mueller et al.,
2016 for a detailed description of the aggregate production process). Spraying brine liquids
simplifies and accelerates the aggregation. When water or acid aerosols condense on ash
particles, leaching will cause various elements to be transported to the surface of the grains
where they will form precipitates and bind aggregates. While these two processes (acid-driven
leaching and salt precipitation and brine evaporation driven salt precipitation) are subtly
different, they both produce salt-bound aggregates.

Several types of aggregates can be produced by the above method (Table IV.1). Glass
bead aggregates are composed of primary particle sizes of < 50 um, 40-70 um or < 70 um and
are bound with NaCl concentrations of 2, 5 or 15 g.kg™?, respectively. Volcanic ash aggregates
are comprised of primary particle sizes < 40 um, 40-90 um or < 90 um and are bound with
NaCl concentrations of 5, 10, 15 or 20 g.kg™, respectively.

Primary particle Primary particle

materi:Ip size dis\’irFi)bution NaCl [g kg™]
Laacher See Ash <40 um 5
Laacher See Ash <40 um 10
Laacher See Ash <40 um 20
Laacher See Ash 40-90 um 20
Laacher See Ash <90 um 10
Laacher See Ash <90 um 15
Laacher See Ash <90 um 20
Soda-lime glass beads <50 um 5
Soda-lime glass beads <50 um 15
Soda-lime glass beads 40-70 um 2
Soda-lime glass beads 40-70 um 5
Soda-lime glass beads 40-70 um 15
Soda-lime glass beads <70 um 2
Soda-lime glass beads <70 um 5
Soda-lime glass beads <70 um 15

Table IV.1: Overview of characteristics of artificially produced aggregates used for impact
experiments.
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Efficient binding of volcanic ash was found to be impossible at concentrations of 2 g.kg
! due to the higher specific surface area of the starting material (see also Mueller et al., 2016,
2017).

NaCl concentration (g.kg™) of artificial aggregates used for stability experiments were
determined by aqueous leaching. The leaching protocol requires a solid solution mass ratio of
1:10 and measured the effective NaCl concentration of particle surfaces via electrical
conductivity measurements with an inoLab Cond 730°, manufactured by Wissenschaftliche
Technische Werkstdtten GmbH, Germany. The instrument was calibrated using H,O-NaCl
solutions of known concentration. NaCl coating of particle surfaces and hence NacCl
concentrations of ProCell Lab® aggregates are reproducible within 3% error (Mueller et al.,
2016). Scanning Electron Microscopy (SEM) was carried out at LMU Munich using a Hitachi SU
5000 and at the HT-HP lab of INGV Rome, using a JEOL JSM-6500F.

IV.3.2 Impact testing

Two experimental setups were designed to investigate the modes of breaking behavior
of aggregates and the aggregate strength. Setup 1 was built at the Mars Laboratory Simulation
Laboratory at Aarhus University, Denmark. An over-pressurized nozzle (50-400 kPa) propelled
individual volcanic ash aggregates (particle sizes < 90 um with 20 g.kg™* NaCl) against a vertical
target wall aligned perpendicular to the aggregate flight path. The impact was recorded with
a Phantom v710 high-speed camera (Fig. IV.1a). Varying the overpressure condition at the
nozzle, we investigated a range of impact velocities for which we observed different
modalities of aggregate breakup upon impact such as surface chipping, fragmentation and
total disintegration (Fig. IV.1b). Setup 2, built at LMU Munich, Germany, aimed at investigating
the aggregate strength by free-fall experiments. Individual aggregates were dropped from a
height h onto a metal plate (Fig. IV.1c). These experiments were designed to evaluate the
effect of particle size distribution (PSD), shape and surface morphology of primary particles
and binder concentration on aggregate stability. We performed these experiments on artificial
aggregates only as young natural ash aggregates are rare and even the youngest (Burns et al.,
2017) have likely already undergone further post-depositional (re-)crystallization, e.g. by
growth of zeolites.
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Figure IV.1: a) Pressurized air-gun setup at Aarhus University, Denmark. Aggregate was shot
with overpressure against a vertical metal wall. Applied overpressures ranged between 0.5
and 4 bar, resulting in impact velocities of 2.9-7.8 m.s. b) Impact setup at LMU Munich,
Germany. Agdgregates were dropped from heights between 5 and 200 cm onto a metal plate.
Impact speed was monitored with a high-speed camera and used to calculate impact energy.
¢) Modes of break-up that were observed throughout experiments: surface chipping (<10 wt%
loss of material fromdparent aggregate), fragmentation (10-90 wt% material loss from parent
aggregate) and total disintegration (> 90 wt% material loss from parent aggregate).

Following a pre-established framework (Mueller et al., 2015) allowed us to
parameterize the potential, kinetic and loss-during-flight (atmospheric) energies of particles
during both horizontal (Setup 1) and vertical (Setup 2) experiments. For a quantitative
approach, potential energies Ep of the aggregates were calculated and used to estimate
kinetic energies Ex of the samples during impact. During fall, samples will lose energy due to

drag, an energy loss which we term a loss energy E. These energy scalings are given by
Equation IV.1:

Ep =m;gh
1
EK|l=11 = Emiviz (Equation IV.1)

E, = Ac, gviz

where m; is the initial sample mass, g is the acceleration due to gravity, v; is the impact
velocity of the sample, A is the cross sectional area of sample, ¢, is the drag coefficient and
p is sample density. Here, we define [ = [; as the distance in flight from the launch position
at which impact occurs. Impact velocities were measured by analysis of high-speed video-
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records. Calculated atmospheric loss energies E}, lead to a median loss of initial potential
energies of ~11.5% for glass bead aggregates and ~15.7% for volcanic ash aggregates, which
is in good agreement with atmospheric losses of ~15% reported by Mueller et al. (2015) during
drop experiments of larger volcanic clasts.

For each of the 14 aggregate groups displayed on Table 1, 20 drop experiments with
20 aggregates were performed. Impact velocities varied between 1 and 6 m.s™*. Maximum fall
height h (between 0.05 m and 2 m) was chosen according to aggregate stability. If a sample
was disintegrated completely, h was not increased further. Mass m; of each sample was
evaluated before the fall experiment with a Sartorius MC 210 P balance with an accuracy of
108 kg. Aggregates for each experimental setup selected to be in a mass range of + 10 wt%.
After impact, the mass m, of the largest remaining aggregate fragment was evaluated and
compared with the initial mass of the aggregate by m/m,. Based on this ratio, aggregates
were categorized into three groups, ‘chipping surface’ (i.e. mg/m; = 0.9), ‘fragmented’ (i.e.
0.1 <ms/m; <0.9) and ‘total disintegration’ (i.e. my/m; < 0.1). See Appendix for the

complete dataset.
IV.4 Results

A total of 280 aggregates for the drop experiments were chosen to be consistent in
mass to facilitate dataset comparison. On average, the aggregate mass m; was 1.4 mg with a
standard deviation of 0.16 mg. High-speed videos reveal different break-up behavior as a
function of impact velocity ranging between 2.9-7.8 m.s! as summarized in Fig. IV.2.
Experiments with a nozzle overpressure of 50 kPa lead to surface chipping (Fig. IV.2a), with
the aggregate remaining mostly intact after impact. Experiments with 200 kPa overpressure
resulted in further fragmentation of the aggregate, with largest fragments showing up to 5
wt.% of the parental aggregate (Fig. IV.2b). Overpressure experiments of 400 kPa led to total
disintegration of the aggregate, no fragments could be observed in the high-speed video or
recovered from the ground after the experiment (Fig. IV.2c).

We used our data to evaluate and isolate the effects of binder (NaCl) concentration,
particle-size and of particle roughness on the energy required to break-up aggregates. In
general, larger primary particle sizes produced stronger aggregates that required higher break
up energies. Fig. 1V.3a shows glass bead aggregates bound with 5 g.kg™ NaCl. In this dataset,
higher impact energies were necessary to fragment aggregates consisting of coarse glass bead
sizes (40-70 um) compared with those consisting of fine glass bead sizes. Equivalent results
can be seen for the volcanic ash aggregates (Fig. 1V.3b), in which samples with coarse particle
fractions (40-90 um and < 90 um) needed higher impact energies to fragment than the
volcanic ash aggregates of the same salt concentration but a primary particle size distribution
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Figure IV.2: Sequence of photos taken with a high-speed camera; aggregates impact on metal wall of
the Aarhus setup. 2a) sequence shows surface chipping of aggregate, 2b) fragmentation and 2c) total
disintegration.

of < 40 um. Further, volcanic ash aggregates with coarse primary particles either show
surface chipping (left gray field) or fragmentation (center gray field), whereas volcanic ash
aggregates with only fine primary particles mainly show total disintegration and at lower
impact energies. Overall a clear positive effect of larger particle size distribution on aggregate
stability could be observed for both glass bead and volcanic ash aggregates. We report the
complete dataset in the Appendix.

In a second experimental suite, we compared the stability of aggregates bound by
different NaCl concentrations but having the same primary particle size distribution. Higher
NaCl concentrations in the bridges between particles conferred greater stability to the
aggregates. Glass bead aggregates of the same primary particle sizes (< 70 um) require higher
impact energies in order to breakup if there is more NaCl binding the particles (Fig. IV.3c).
Trends become even more clear for the volcanic ash aggregates (Fig. 1V.3d). Here, not only
higher impact energies are required to break aggregates with higher NaCl concentrations, but
also the breakup behavior changes. Approximately 75% of the tested samples with high binder
concentration (20 g.kg?) exhibit surface chipping upon impact, whereas samples with
comparatively low NaCl content (10 g.kg) undergo fragmentation or total disintegration.
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Fi%ure IV.3: Contemplation of impact results at LMU Munich setup. Each graph shows
calculated impact energies of aggregates and the remaining aggregate mass after impact.
Remaining mass > 0.9 stands for surface chirgoing (light gray background), mass 0.1-0.9 for
fragmentation (medium gray background) and mass < 0.1 for total disintegration (dark gray
background). a) shows breakup classes of aggregates. b) IV BC of 2 g.kg. e) compares LSA
with PPSDs of <40, 40-90 and < 90 um and a BC ot 20 .k§‘1. f) compares glass bead aggregates
GBA) with a primary particle size distribution (PPSD% of < 50 um and binder concentrations
BC) of 5 and 15 g.kg™. g) compares GBA with a PPSD 40-70 um and a BC of 2, 5 and 15 g.kg™*.
) compares GBA with a PPSD < 70 um and a BC of 2, 5 and 15 g.lég‘l. i) compares Laacher See
ash aggregates (LSA) with a PPSD < 40 um and a BC of 5, 10 and 20 g.kg™. k) compares LSA
with a PPSD < 90 um and a BC of 10, 15 and 20 g.kg'. m) compares GBA and LSA with PPSDs
of < 50 and < 40 um and a BC of 5 g.kg™. n) compares GBA and LSA with PPSDs of < 70 and <
90 um and a BC of 15 g.kg™.
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We conclude that the salt budget available for particle-particle binding increased
aggregate stability against breakup processes.

A final suite of drop experiments was conducted to investigate in the effect of surface
morphology of primary particles on aggregate strength. No clear effect was empirically
obvious. Stability of glass bead aggregates (spherical primary particles) and volcanic ash
aggregates (angular, irregular primary particles) with the same NaCl concentrations do not
reveal any difference in the breakup behavior or impact energies required for breakup (Fig.
IV.3e). We conclude here that particle morphology is a second order control on aggregate
stability and that spherical assumptions can be made for the mechanical stability of volcanic
ash aggregation.

( X
intact solid bridge

INGV SEI 15.0kvV  X1,500 10um WD 9.2mm

failed solid bridge

SEI 15.0kV  X2,300 10um WD 9.2mm

cohesive failure

INGV SEI 15.0kV  X8,000 1um WD 9.0mm

15.0kV  X3,000 1um =~ WD92mm

%ure IV.4: a) shows an intact solid NaCl bridge connecting two glass beads. b) shows a failed
id NaCl bridge with the once connected glass bead missing. c) shows cohesive failure within
a solid NaCl bridge. d) shows adhesive failure between a solid NaCl bridge and a glass bead.

Scanning electron microscopy (SEM) provides insights into the size and geometry of
NaCl crystals as well as their failure mode upon breakup. This analysis shows (i) intact bridges
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(Fig. IvV.4a), (ii) failed bridges (Fig. IV.4b), (iii) bridges with cracks (i.e. cohesive failure, Fig.
IV.4c) or (iv) cracks between bridge and solid particle (i.e. adhesive failure, Fig. IV.4d). Salt
bridge volumes were estimated by measuring visible horizontal and vertical axes assuming
cuboid growth valid for NaCl crystals. In reality there are deviations from cuboid geometry,
conferring minor error on our salt bridge volume estimates. Nevertheless, we observed a
positive correlation between salt crystal length and particle radius suggesting that bridge
thickness scales with average particle size (Fig. IV.5).
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Figure IV.5: Solid NaCl bridge volumes evaluated from SEM analysis are plotted against total
available surface of the two particles connected through the solid bridge. Maximum salt bridge
volumes show exponential dependency on available particle surface area.

IV.5 Analysis and discussion

Once formed, aggregates can break up in three different micromechanical ways: (1)
surface chipping, (2) fragmentation into smaller aggregate pieces, or (3) total disintegration
into particle sizes comparable to the primary ones. In volcanic ash plumes, total disintegration,
the most efficient process in releasing primary particles back into the plume, could result in
re-entrainment of fine ash particles in the plume dispersal trajectory. We show that the mode
of aggregate break-up depends on both bulk stability of the aggregate and on the impact
energy. Previous discrete element method simulations, as well as experiments, have shown
that aggregates impacting a solid wall generate multiple branches of cracks that dynamically
propagate inside the aggregate, causing break up of solid bridges between primary particles
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(Antonyuk et al., 2006). The propagation of the cracks depends primarily on the impact energy.
While the propagating master cracks cause the aggregate to break-up into fragments, areas
of high crack density are also the regions from which primary particles are released.

Impact energies between two aggregates or an aggregate and a clast cannot be easily
predicted for volcanic plume conditions. A readily calculable constraint of impact energy for
volcanic particles or aggregates in a plume is the energy at terminal velocity, which depends
on the mass of particles or clasts via Eq. IV.2:

2mg

Vi = (Equation IV.2)

CcwpA

with the mass m, gravity g, drag coefficient c,,, aggregate or particle density p and cross
sectional area of aggregate or particle A. Terminal fall velocities were reached or exceeded
only in our experimental setup 1, and not in setup 2, due to insufficient fall distances.
Nevertheless, total disintegration was routinely observed at impact velocities below v;.

Our experimental results illustrate that aggregates with small primary particle sizes
(e.g. <50 um) are less stable than aggregates with large primary particle sizes (e.g. 40-70 um).
Aggregation in natural volcanic environments rarely exceeds an upper limit in particle size of
200-250 um (Brown et al., 2012; Cole et al., 2001); however, primary particles larger than
200 um have been shown to incorporate in oversaturated (wet) pockets of the solid/liquid
mixture, simulating mud drops (Van Eaton et al., 2012). Our SEM observations of solid salt
bridges cementing analogue glass bead aggregates shows a clear dependence of salt bridge
volume on available primary particle surface area (Fig. IV.5). This relationship can be explained
in the context of previous work (Mueller et al., 2017) that shows how surface liquids such as
H,O may dissolve salt crystals and create a salt brine. The capillary forces at the contact line
between the liquid and the particle cause migration of the salt brine to liquid bonding points
between two particles, bunching the liquid in collars around particle-particle contacts. The
amount of re-mobilized surficial salt deposits depends on the available catchment area, i.e.
the cumulative surface of primary particles. Large, voluminous salt bridges can be formed if
the catchment area is significantly large and the number of contact points is small. Two 50 um
glass beads can be cemented by one much larger salt bridge than two glass beads with 10 um
diameter (see also Fig. IV.6). Generally speaking, the size of salt bridges depends on the
connection density, i.e. whether there are many or just few other glass beads connected with
each other. This also translates into a higher probability of large salt bridges in aggregates
formed from a monodisperse starting particle size distribution and explains why aggregates
containing very fine particles (0-40 um) relative to the mean particle size (highly polydisperse
distributions) proved to be comparatively less stable upon impact. In the case in which a large
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glass bead is connected with many other glass beads, the total available surface salt is
probably separated into several contact points, where, at comparable available salt volume,
smaller individual salt bridges will crystallize. Salt will also be re-mobilized on ash particles;
however, given the more irregular shapes of ash grains, the number of contact points is
probably higher than between spheres, producing a relatively weaker connection. However,
the effect of complex surface morphologies allows for mechanical interlocking of ash grains
adding to the bulk mechanical strength. Indeed, we observed comparable aggregate strengths
for ash and glass-bead aggregates with similar binder concentration and particle-size
distribution (see Fig. IV.3).

x1.20k BSE-ALL

Figure IV.6: SEM image of aggregated glass beads. The tonIass beads a) and b) are connected
with each other through a smaller solid NaCl bridge than they are to glass bead c). Glass bead
c) is larger in volume and therefore surface and allows for the establishment of more
voluminous bridges.

The strength of aggregates can be calculated based on forces required to separate two
particles connected through a solid bridge for a given size, volume and strength. Models, such
those proposed by Rumpf (1975) or by Johnson et al. (1971) assume breakage of solid salt
bridges to occur at the neck of a bridge — the area with the smallest diameter —which is termed
cohesive failure. Contrastingly, adhesive failure occurs by the separation of the contact point
between the solid bridge and the primary particle (Fig. 1V.4). The diameter of the bridge neck
increases with time as capillary forces drive more brine liquid to the contact zone, bunching
up a collar of liquid which, upon drying, precipitates a binding crystal assemblage. Therefore,
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the force F required to separate two particles connected by a solid bridge increases with an
increasing neck diameter and can be calculated with a simple micromechanical scaling:

F ~ nrd o, (Equation IV.3)

where rs is the radius of the narrowest bridge part (the neck) and gy, is the neck
strength (Bika et al., 2005). Bonding strengths of various salts, gy, including NaCl have been
experimentally investigated (Jeremic, 1994). Average tensile and compressive bonding
strengths of crystallized NaCl compounds are reported to be between 0.2 MPa (tensile) and
30 MPa (compressive). The force required to break the neck region F, can then be applied to
the model of Rumpf (1975) in which the overall aggregate strength is calculated by scaling
neck strengths to the porosity of the aggregate:

O = z(€) ;—120 (Equation 1V.4)

where d, is the whole aggregate diameter and z is a function dependent on porosity ¢,
given in turn by

z(e)=(1—-¢)/e (Rumpf, 1975, Equation IV.5)

Bika et al. (2005) pointed out that the major challenge in applying micromechanical
views of disaggregation processes lies in the uncertainty in neck diameters of the solid bridge.
Here, we directly observe maximum bridge length scales and compare them with particle
radius (Fig. IV.5). Using the constraints from our experimental samples, we demonstrate end-
member solutions to equations 3-5, in which we show how the strength scales with neck
radius (100 nm and 12.5 um evaluated from SEM data, Fig. IV.5) in some scenarios of two
different aggregate porosities of 0.8 and 0.5 which reflect the densities measured for our
artificial samples. Lowest aggregate strengths of up to 25 Pa are calculated for the tensile
stress and high porosity (0.8) case, whereas the highest aggregate strength of up to 15 kPa
can be computed for a compressive stress and the low porosity (0.5) case (Fig. IV.7). Although
the calculated aggregate strengths are based on glass bead aggregates and their solid bridge
values, we assume very similar strength values for ash aggregates. Low aggregate strengths (1
mPa to a few Pa) are typical of aggregates with fine primary particle sizes (<40 um for ash and
<50 um for glass beads), and with high strengths are consistent with aggregates composed of
coarse primary particle sizes (up to 90 um) that are capable of generating larger solid salt
bridges. Consequently, one implication is that aggregation of fine ash alone will produce the
weakest aggregates and therefore it is fine-grained material is most likely to be disaggregated
upon impact and re-suspended in dynamic plumes. Also, accretionary lapilli containing ash
particles < 40 um (as used in the experiments) have never been documented in nature which
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supports the theory that they either don’t survive the plume or they don’t last long enough

after sedimentation to be measured.
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Figure IV.7: Aggregate strength o of artificial aggregates have been computed, following the
models of Johnson et al. (1971) and Rumpf g1975). Solid salt bridge neck radii represent SEM
analysis results or our artificial aggregates. a) shows aggregate strengths for tensile stress case
and aggregate porosities € of 0.5 and 0.8. b) shows aggregate strengths for compressive stress
case and aggregate porosity of 0.5 and 0.8.

IV.6 Relevance to natural processes and implications

Aggregation models in plume simulations are not based on either the physical
description of aggregation growth (Costa et al., 2012; Folch et al., 2016) or the bulk approach
(Mastin et al., 2016; Cornell et al., 1983; Sulpizio et al., 2012; Bonadonna et al., 2002) which is
focused on the field deposit. The full description of the aggregation processes confers a high
computational cost. To reduce the computational cost, the models are set up to calculate the
aggregate contribution and its distribution by pre-aggregating the erupted mixture. While the
models are used to fit deposits, they often require tuning via inversion methods to capture
the aggregated contribution observed. This implies that the tuning procedure applied in
modelling plume aggregation is an approximate method of accounting for the bulk effect of
aggregation and disaggregation. A full implementation of disaggregation within tephra
dispersal models requires a constitutive understanding of how aggregation and post-
aggregation disaggregation occurs during eruptions. This study aims to highlight the feasibility
of developing a first such constitutive law for disaggregation impact energies at experimental
Reynolds numbers < 500 (Mueller et al., 2016), velocity of the bulk airflow 0.15-0.22 m/s
(Muelleretal., 2016), environmental temperature of 40-60 °C, and bulk ash density 900 kg/m?3.
At these conditions, impacts lead to surface chipping, fragmentation and total disintegration
within the plume. To go towards the full characterization of the tephra transport and its
sedimentation, it would be useful to assess disaggregation rates in real meteorological
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conditions (e.g. wind, temperature, air moisture profiles) and at real mass eruption rates,
eruption durations and airborne ash mass.

While this study highlights the importance of considering aggregation processes within
a model of plume dispersion and sedimentation, we have demonstrated that aggregates can
disintegrate if impact energies are sufficient (Taddeucci et al., 2011). Bonadonna et al., 2011
indeed show that tephra fall deposits from the 2010 Eyjafjallajokull eruption (lceland) were
found to be enriched with fine ash in proximal areas, in combination with deposited
aggregates, suggesting that upon aggregation-induced sedimentation from the plume,
aggregate break-up on impact skewed the particle size distributions measured.

In this study, we have presented insights into the influence of primary particle size
distribution, surface morphology and binder concentration on aggregate stability. Mueller et
al., 2016 have additionally described the effect of primary particle size distribution, effective
particle concentration, humidity and binder concentration on aggregation efficiency. Together
these experimental datasets illustrate that fine particles (e.g. ash < 40 um) are much more
efficient (up to 100%) in their aggregation rate than coarse particles (e.g. ash 40-90 um), but
are also much more prone to subsequent break-up due to their low comparative stability.

IV.7 Conclusion

This study evaluated the stability of aggregates produced artificially from analogue
soda-lime silicate glass beads and natural volcanic ash. NaCl was used as binding agent. Impact
experiments demonstrated the influence of (1) primary particle size distribution, (2) particle
surface area and morphology and (3) binder concentration on aggregate stability. Salt bridge
volumes of glass bead aggregates obtained via Scanning Electron Microscopy were used for
numerical calculations of aggregate strength, computed to be in the range of < 1 Pa up to
several 100 Pa. Notably, coarse-grained aggregates (made of primary particles > 50 um)
exhibit a significantly increased stability compared with fine-grained aggregates. Aggregates
with small primary particle size (<50 um) are up to one order of magnitude weaker than
aggregates with larger primary particle size (>50 um). Current tephra dispersal models regard
aggregation of ash as irrevocable leading to sedimentation and removal from the
atmosphere?® without explicitly estimating the disaggregation contribution. Here, we have
presented quantitative data on disaggregation that can be used for further work investigating
potential links with eruption source parameters which are required for numerical ash plume
dispersal forecasting. In combination with other experimental studies, it is now possible to
attribute disaggregation processes to eruption parameters such as mass eruption rate,
eruption intensity, total grain-size distribution, degassing rate and magma composition, or to
meteorological parameters such as air moisture and temperature, or to other particle
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parameters such as primary particle size distribution, effective particle concentration, binder
concentration, Reynolds number of the solid/gas system and exposure time.

IV.8 Acknowledgements

This work is supported by the Marie Curie Initial Training Network ‘VERTIGO’, funded
through the European Seventh Framework (FP7 2007-2013) under Grant Agreement number
607905. We are indebted to Jacopo Taddeucci for acquiring SEM images and to Glatt
Ingenieurtechnik GmbH, particularly to Michael Jacob, Ulrich Walter and Katja Oppermann for
their support. The Laacher See ash used in this study was provided by ROTEC GmbH & Co. KG
(MUhlheim-Karlich, Germany). C.C. acknowledges the support of the AXA Research Fund grant
‘Risk from volcanic ash in the Earth system’. D.B.D. acknowledges the support of the European
Research Council Advanced Grant 247076 ‘EVOKES’ (Explosive volcanism in the Earth System).

1V.9 Author Contributions

S.B. Mueller and U. Kueppers produced artificial aggregates. S.B. Mueller, J.
Ametsbichler, U. Kueppers and J.P. Merrison performed impact experiments. S.B. Mueller and
C. Cimarelli carried out SEM analysis. All authors interpreted the data and worked on the
finalization of the manuscript.

81



Chapter IV Stability evaluation of aggregates

82



Chapter V Aggregation in particle rich environments

Chapter V

Aggregation in particle rich environments: a textural study of
examples from volcanic eruptions, meteorite impacts and fluidized
bed processing

83



Chapter V Aggregation in particle rich environments

84



Chapter V Aggregation in particle rich environments

Aggregation in particle rich environments: a
textural study of examples from volcanic
eruptions, meteorite impacts and fluidized
bed processing

Sebastian B. Mueller (1), Ulrich Kueppers (1), Matthew S.
Huber (2, 3), Kai-Uwe Hess (1), Gisela Poesges (4), Bernhard
Ruthensteiner (5), Donald B. Dingwell (1)

(4) Ludwig-Maximilians-Universitdt Miinchen (LMU), Earth and
Environmental Sciences, Mtinchen, Germany
(5) University of the Free State, Bloemfontein, South Africa
(6) Vrije Universiteit Brussel, Brussels, Belgium
(7) Ries Krater Museum Nérdlingen, Germany

(8) Zoologische Staatssammlung Miinchen, Miinchen, Germany

Bulletin of Volcanology 80:32 (2018)

85



Chapter V Aggregation in particle rich environments

86



Chapter V Aggregation in particle rich environments

V.1 Abstract

Aggregation is a common process occurring in many diverse particulate gas mixtures
(e.g., those derived from explosive volcanic eruptions, meteorite impact events and fluid bed
processing). It results from the collision and sticking of particles suspended in turbulent
gas/air. To date, there is no generalized model of the underlying physical processes. Here, we
investigate aggregates from 18 natural deposits (16 volcanic deposits and two meteorite
impact deposits) as well as aggregates produced experimentally via fluidized bed techniques.
All aggregates were analyzed for their size, internal structuring and constituent particle size
distribution. Commonalities and differences between the aggregate types are then used to
infer salient features of the aggregation process. Average core to rim ratios of internally
structured aggregates (accretionary lapilli) are found to be similar for artificial and volcanic
aggregates but up to an order of magnitude different than impact related aggregates. Rim
structures of artificial and volcanic aggregates appear to be physically similar (single, sub-
spherical, regularly-shaped rims) whereas impact-related aggregates more often show
multiple or irregularly-shaped rims. The particle size distributions (PSDs) of all three aggregate
types are similar (< 200 um). This proves that in all three environments, aggregation occurs
under broadly similar conditions despite the significant differences in source conditions
(particle volume fraction, particle size distribution, particle composition, temperature),
residence times, plume conditions (e.g., humidity and temperature) and dynamics of fallout
and deposition. Impact-generated and volcanic aggregates share many similarities, and in
some cases may be indistinguishable without their stratigraphic context.
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V.2 Introduction

Particle aggregation is a common feature in nature and technology. It has been
observed in deposits of volcanic eruptions (e.g. Self, 1983; Hayakawa, 1990; Schumacher and
Schmincke, 1991; De Rita et al., 2002; Branney et al., 2008; Brown et al., 2012; Van Eaton and
Wilson, 2013; Scolamacchia and Dingwell 2014) and meteorite impacts (e.g., Graup 1981;
Alegret et al., 2005; Pinto and Warme 2008; Cannon et al., 2010; Rocholl et al., 2011; Branney
and Brown, 2011, Huber and Koeberl 2017) as well as in powder processing technologies (e.g.
Salman et al., 2006). Several phenomena promote the aggregation of suspended particles,
including, 1) electrostatic forces (e.g. James et al. 2002, Bonadonna et al. 2012, Del Bello et al.
2015), 2) liquid bonding or freezing (e.g. Tomita et al. 1985, Gilbert and Lane 1994, Bonadonna
et al. 2002, Durant et al., 2009, Van Eaton et al. 2012, Mueller et al. 2016), and 3) the growth
of secondary mineral phases (Sheridan and Wohletz 1983, Gilbert and Lane 1994; Brown et al.
2010; Scolamacchia and Dingwell 2014; Mueller et al. 2016). Although the same underlying
physical and chemical phenomena may occur in all environments under consideration here
(volcanic eruptions, meteorite impacts, experiments), the aggregate P-T growth conditions,
growth rates and preservation potential are likely to differ significantly depending on their
petrogenesis.

Throughout this paper, we describe the different sample types in the following order,
a) volcanic, b) meteorite and c) experimental.

V.2.1 Volcanic ash aggregates

Explosive volcanic eruptions can inject large volumes of volcanic ash into the
atmosphere. Under certain circumstances, ash can cluster together and form aggregates,
which have been documented in many deposits (e.g. Van Eaton and Wilson 2013; Wallace et
al. 2013; Scolamacchia and Dingwell 2014) and there is growing evidence that aggregation is
the norm rather than the exception (e.g. Brown et al. 2012). Observations of aggregate fallout
indicate that many aggregates do not survive transport and/or sedimentation (e.g. Taddeucci
et al. 2011; Bonadonna et al. 2011; Bagheri et al. 2016; Mueller et al. 2017a), and this has also
been inferred from modeling and observations of secondary thickness maxima in ash deposits
(Durant et al. 2009). Larger and strongly bonded aggregates, such as accretionary lapilli, do
survive transport and deposition processes and are commonly preserved in deposits as, for
example in deposits of the eruptions of Tungurahua volcano, Ecuador (Kueppers et al. 2016),
Soufriere Hills volcano, Montserrat (Burns et al. 2017), and Volcan de Colima, Mexico (Reyes-
Davila et al. 2016), as well as many others (e.g. Brown et al. 2012).

Volcanic ash aggregation strongly influences ash dispersal because ash aggregates have
different aerodynamic properties to their constituent ash particles (e.g. Durant et al. 2009).
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This can resultin premature fallout from the atmosphere (e.g. Sisson 1995; Durant et al. 2009),
and changes to the proximal and distal ash mass loadings in the eruption plume. Based on
aggregate analysis from recent eruptions together with experimental and numerical studies,
a better mechanistic and quantitative understanding of the parameters relevant inside an
eruption plume is emerging (Costa et al. 2010; Van Eaton et al. 2012; Del Bello et al. 2015;
Mueller et al. 2016). As a result, ash aggregation has been incorporated in ash-plume
forecasting models (Folch et al. 2016).

V.2.2 Meteorite impact events

Meteorite impact events produce large dust-rich ejecta clouds (e.g. French and Koeberl
2010). Particle aggregates have been documented in impact deposits on Earth, Mars (Fralick
et al. 2012), and Moon (McKay et al. 1970), where they have been used as impact event
indicators. On Earth, aggregates have been described in numerous meteorite impact deposits,
such as those from the Sudbury (1850+1 Ma; Ontario, Canada; Cannon et al. 2010; Huber and
Koeberl 2017), Stac Fada (1199470 Ma, Scotland; Branney and Brown 2011), Alamo (3824
Ma; Nevada, USA; Pinto and Warme 2008), Chicxulub (6610.3 Ma; Gulf of Mexico; Alegret et
al. 2005) and Nordlinger Ries (14.94 + 0.07 Ma; Germany; Graup 1981; Rocholl et al. 2011)
impact events.

The basic process of impact cratering is reasonably well-understood (e.g. Melosh 1989;
French and Koeberl 2010): upon impact, fragmented target rock is accelerated away from the
impact site as an excavation flow, leaving a crater. The accelerated particle flow emerges
above the surface, ejects material ballistically and produces an expanding material cone, the
ejecta curtain. Most of the material is deposited within a few crater radii, however, a small
fraction is ejected significantly further and accordingly deposited at greater distances. Glassy
ejecta bombs from the Nordlinger Ries meteorite impact crater, for example, are found 1,000
km away (Gentner et al. 1971; Koeberl 1992, Schwarz et al. 2002). Several models have been
proposed to explain impact-related particle aggregates. Johnson and Melosh (2014) suggest
that aggregates form within the ejecta curtain. A similar conclusion of aggregation of silicate
particles from a cooling ejecta plume was reached for distal (about 1,000 km) aggregates from
the Chicxulub impact crater by Yancey and Guillemette (2008). Alternatively, distal aggregates
have been attributed to deposits from particulate density currents, physically similar to
volcanic pyroclastic density currents (e.g. Addison et al. 2010; Branney and Brown 2011).
Grieve et al. (2010) examined the Onaping Formation in the Sudbury crater, which represents
fallback material within the crater itself, and concluded that the aggregates formed as a result
of melt-fuel coolant interaction (MFCI): water flowed into the crater causing phreatomagmatic
eruptions, allowing aggregates to form over several generations, and examples are shown of
broken aggregates that have been coated with ash and incorporated into other aggregates.
Accretionary lapilli in the No6rdlinger Ries impact crater have been attributed to the fallback of
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melt-rich impact breccia (which forms the characteristic Suevite upon deposition, Graup 1981)
and the gravitational collapse of unlithified suevitic breccias (Stoffler et al. 2013).

V.2.3 Artificial aggregation

Aggregation is a key process in the industrial processing of many powders (e.g. food,
feed, pharmaceutical, fertilizer, detergent, and mineral powders). Powders are typically
processed under controlled laboratory settings in fluidized beds. For this purpose, gas is fluxed
from below through initially stagnant particles. At sufficient flux, particles are lifted and set in
a chaotic motion, following stochastic streamlines (Salman et al. 2006). Aggregate formation
in fluidized beds can be described in terms of population balance, which describes temporal
changes of particle property distributions. Particle size enlargement through aggregation is
controlled by operating conditions such as moisture, initial grain-size distribution, processing
time, pneumatics and/or thermal conditions (Smith and Nienow 1983; Banks and Aulton 1991;
Watano et al. 1996; lveson et al. 1998; Turton et al. 1999; Uhlemann and M&rl 2000). Under
these controlled boundary conditions, the dependence of aggregation efficiency and
preservation from the input parameters can be constrained empirically (Mueller et al. 2016).

A structural and textural classification scheme for volcanic ash aggregates has been
proposed by Brown et al. (2012), which can also be applied forimpact and artificial aggregates.
Aggregates are divided into two main categories: particle clusters (PC) and accretionary pellets
(AP). Particle clusters can further be sub-classified into ash clusters (PC1) and coated particles
(PC2). Accretionary pellets are sub-divided into poorly structured pellets (AP1), pellets with
concentric structure (AP2), and liquid pellets (AP3). Based on this classification scheme, we
analyze volcanic, impact and artificial aggregates, examine the textural differences and
commonalities, and determine the resulting implications for generation mechanisms.

V.3 Methodology

Natural samples were collected during field studies and then transported to the lab,
analyzed and classified. Three methods were applied to unravel the inner structure of
aggregates: a) cutting and grinding; b) thin section analysis; or c) x-ray computed tomography
(CT) of the samples. CT has the advantage of being non-destructive and was used for the rare
impact aggregate samples.

The granulometry of artificial aggregates and of several volcanic aggregate samples was
determined using a Coulter® LS230 laser diffraction particle size analyzer (Fraunhofer optical
model, imaginary / real refractive indices of 0.001 / 1.52 for glass beads and 0.1 / 1.52 for
volcanic ash). All artificial aggregate and several volcanic aggregate samples were weak
enough to be disintegrated into single particles in an ultra-sonic bath which were then
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measured with the LS230. For strongly cemented volcanic aggregate and impact aggregate
samples that could not be disintegrated in the ultra-sonic bath, thin section and computed
tomography (x-ray CT) based data has been used to evaluate size ranges of single particles
using Imagel software (Schneider et al. 2012).

We apply the aggregate classification scheme of Brown et al. (2012) to volcanic,
artificial and impact aggregate samples. We also present special types of aggregates that do
not fit in this classification scheme.

V.4 Sample Overview
a) Volcanic ash aggregates

Caldera del Rey tuff ring, Tenerife, Canary Islands

Caldera del Rey is a 1.13 million-year-old (Huertas et al. 2002) phonolitic tuff ring
complex (Paradas-Herrero and Fernandez-Santin 1984). Ash aggregates were sampled from a
sequence of cm- to dm-thick beds of primarily massive and cross-bedded tuffs that contain
occasional pumice lapilli clasts and that show significant lateral thickness variations (Table 1).
Ash aggregates are abundant (<10-40 vol%, Brown et al. 2010). Aggregates typically become
more abundant and clast-supported towards the top of each bed. No apparent change in
aggregate size, structure or abundance could be observed throughout the sampled
stratigraphy.

Stromboli volcano, Aeolian Islands, Italy

Ash aggregates were collected from the ~ 5 ka Secche di Lazzaro succession (SDL) at
Punta Lena (Giordano et al. 2008), on the SW coast of Stromboli (Table 1). The SDL succession
resulted from some northwards directed collapse that allowed seawater to come in contact
with magma in the upper part of the plumbing system and triggered a phreatomagmatic
eruption. Our samples come from a clast-supported, matrix-free lens of aggregates that sits
above the lower SDL unit (UA, see Fig. 7a, Giordano et al. 2008) which consists of aggregate-
rich, thinly bedded ash tuffs, deposited from dilute pyroclastic density currents (PDCs). It
contains aggregates up to 5 mm in diameter and is interpreted as a fall deposit.

Monte Razzano, Baccano Caldera, Lago di Martignano and Stracciacappa, Sabatini Volcanic
District, Italy

The Sabatini Volcanic District (SVD) is part of the potassic Quaternary Roman Province
and extends over an area of 1,800 km?, including the city of Rome (De Rita et al. 1994). Monte
Razzano and Baccano Caldera are both part of the Baccano Eruptive Center (BEC) within the
SVD. The Baccano pyroclastic succession is dominated by massive to variably laminated ash-
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lapilli tuffs with subordinate ash or lapilli fallout horizons (Sottili et al. 2010). Aggregates
sampled at Monte Razzano occur in a poorly sorted, matrix-supported ash-lapilli tuff with low
aggregate content (Table 1). Aggregates at Baccano Caldera occur within a fine-grained ash
tuff with subordinate pumice and lithic lapilli. Lago di Martignano is an 86 ka composite maar
located east of Bracciano lake (Sottili et al. 2010). Samples were collected inside the caldera
from a poorly-sorted, cross-bedded PDC deposit (Table 1). Stracciacappa is 97 ka
hydromagmatic center (maar) north of Lago di Martignano (Sottili et al. 2010). Samples come
from laminated and cross-bedded lapilli-tuffs of PDC origin in the northern crater wall (Table
1).

Colli Albani, Italy

The large composite caldera complex of Colli Albani (Alban Hills) is located about 30 km
SE of the city of Rome, Italy (De Rita et al. 1995a). Three locations at the foot of the Apennines
were chosen for sampling: 1) the Valle Lungherina valley and the villages of Empiglione and
Cave (Table 1). At all sites, the sampled deposits were well-sorted massive ash tuffs
interpreted as fall deposits from co-PDC plumes (De Rita et al. 1995 a, b).

Solfatara volcano, Campi Flegrei, Italy

Solfatara is a 4.2 ka maar-diatreme volcano cut into older volcanic deposits. Eruptions
were dominated by a series of explosions of variable intensity (Di Vito et al. 1999; Isaia et al.
2009, 2015). Aggregates were collected from well-sorted, strongly hydrothermally altered fall
deposits exposed in the NNW crater wall.

Soufriere Hills Volcano, Montserrat, West Indies

Aggregates were sampled from the co-PDC fall deposits of the 11 February 2010
eruption (see Stinton et al. 2014; Burns et al. 2017). The sampled deposit consisted of a 10 cm
thick layer entirely composed of accretionary pellets. It is underlain and overlain by PDC
deposits.

Eifel volcanic field, Germany

The Eifel volcanic field in west Germany is characterized by numerous explosion craters
and maars. Aggregates were sampled from the deposits of the Plinian phase of the 12.9 ka
Laacher See eruption (Schmincke 2009, Table 1). These deposits are fine- to medium-grained,
well-sorted ash beds and were deposited from ash clouds overriding PDCs from Plinian plume
collapse (Schmincke 2009). At a separate location 3 km NW of Laacher See, aggregates were
found within 150 ka deposits of an eruption at the Wehrer Kessel volcano (Forster and Sirocko
2016). Aggregates were sampled from an ~ 15 cm thick, 3 m long lens composed entirely of

ash aggregates.
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Tungurahua volcano, Ecuador

Ash aggregates were collected from the deposits of the July-August 2006 eruptions.
The August eruptions generated PDCs that flowed down the NW- and W-flank of the volcano
(Douillet et al. 2013). Aggregates were observed in a fines-depleted lapilli tuff at the top of a
several meter-thick deposit located where PDCs deposits had temporarily dammed the river
(Kueppers et al. 2016).

Santo Antdo, Cape Verde

Aggregates were sampled on the island of Santo Antdo, Cape Verde, which was
dominated by two partly co-existing magmatic series of mafic shield-building phases until
about 100 ka ago (Holm et al. 2006). Towards the end of the shield-building phase, highly
explosive eruptions emplaced the Cao Grande Formation. Aggregates were sampled in the
uppermost part of the dry river bed of the Ribeira do Canudo on the western plateau of Santo
Antdo. They occur in a single horizon intercalated with tephra-phonolitic PDC deposits from
the initial phase of the Cao Grande 2 eruption, which overlies the phonolitic Cio Grande 1
pumice fall deposit.

Masaya Caldera, Nicaragua

Aggregates were sampled from an ~34 ka ignimbrite (Bice 1985) in a quarry at Canteras,
about 7 km WSW of Diriamba. The scoria-rich ignimbrite belongs to the upper part of the
Pleistocene Las Sierras Formation which was erupted from a caldera adjacent to Masaya
Caldera (Freundt et al. 2010). The ignimbrite is composed of three depositional units 1-3
(Freundt et al. 2010). Units 1 and 2 likely to represent the same eruption, while unit 3 followed
after a significant time interval of several years. Aggregates occur in Units 1 and 3, in both fall
and PDC deposits.

b) Impact Aggregates
Nordlinger Ries impact crater, Germany

The 15 Ma old, 25 km diameter Nordlinger Ries impact crater (Rocholl et al. 2011;
Stoffler et al. 2013) was created by the impact of a 1.1-1.5 km diameter asteroid (Artemieva
et al. 2013). The target stratigraphy comprised 600-700 m of Triassic and Jurassic sedimentary
rocks overlying crystalline basement (Pohl et al. 1977; Huttner and Schmidt-Kaler 1999;
Stoffler et al. 2002). The crater volume estimates range between 124 km3 and 200 km?3 (Poh|
et al. 1977; Horz et al. 1983; von Engelhardt and Graup 1984). Immediately after impact, a
primary ejecta curtain started emplacing primary suevite—a widespread layer of massive, very
poorly sorted, clast- to matrix-supported fallback sediments with abundant clasts of molten
ejecta—directly on top of parautochthounous (as uplifted) crystalline basement (Artemieva
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et al. 2013; Stoffler et al. 2013). Later ejecta deposits in and outside the crater are finer-
grained and lack melt clasts (Graup 1981). Thirteen boreholes have been drilled inside the
morphologic crater; ten of which penetrated the suevite and reached the underlying
crystalline basement (Stoffler et al. 2013). Accretionary lapilli occur in suevite units in three
boreholes. Samples in this study come from the Nérdlingen 1973 drillhole (FBN 73) at depths
of 296 m and 301 m. In all three cases, the aggregates are found only in the transition zone
between post-eruptive lake sediments and underlying suevite, where they are sparsely
distributed within fine grained (< mm) layers. This has been interpreted as fallout from the
uppermost part of the primary ejecta curtain, rich in solid particles and water vapor.
Aggregates in the Deiningen and the 1001 drillholes have been described elsewhere
(Mosebach 1964; Forstner 1967; Graup 1981).

Sudbury impact structure, Canada

Sampled Sudbury aggregates derive from the Connors Creek location (see Huber et al.
2014). The deposit comprises ~1 m of lithic (chert) breccia, overlain by ~1 m of breccia that
also contains melt glass and accretionary lapilli. Cannon et al. (2010) include an overlying ~5
m thick layer that grades from brecciated material at the base to finer material near the top,
but note that the accretionary lapilli are found in beds that are cross-bedded, with thin bands
of fine-grained breccia between the beds, which may be evidence of reworking.

c) Artificial aggregates
Glatt Ingenieurtechnik GmbH, Weimar, Germany

Artificial aggregates used in this study were produced via fluidized bed techniques at
Glatt Ingenieurtechnik GmbH, Weimar, Germany, from soda-lime glass beads (<50um, 40—
70um, <70um) and natural volcanic ash (<40um, 40-90um, <90um) collected from deposits
of the Laacher See eruption (Germany). Grain size data is provided in the Supplementary
Dataset. Mueller et al. (2016) produced both particle clusters (PC) and accretionary pellets
(AP) under controlled and reproducible conditions. The following parameters were varied
during the experiments to examine their influence on aggregation: 1) initial particle size
distribution, 2) humidity, 3) viscosity of the liquid binder, 4) Reynolds numbers of the fluidized
particles, 5) gas velocity, 6) salt concentration on the particle surfaces, 7) temperature, and 8)
processing time. Aggregates were produced through spraying either a NaCl-bearing solution
of H,0 or a 37% HCI solution. In both cases, the liquid phase induces aggregation following
collisions and the resultant salts cement the particles together after evaporation of the liquid.
Salts (mainly NaCl) are either generated through re-crystallization upon H,O evaporation, or
through chemical reactions between the HCl phase and the glass (Mueller et al. 2017b). The
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aggregates produced in this manner are between 0.5-5 mm in size, depending on
experimental parameters (Mueller et al., 2016).

distance to

Sample location Age Stratigr-unit 1 neim] | (Pc1)| (Pc2) | (aP1) | (aP2)

Baccano Caldera, Sabatini

Volcanic District S0ka fallout 100 X
Caldera del Rey, Tenerife 1.13Ma | PDC 100 X X
Cave, Colli Albani 600 ka PDC 18,000 X X
Dachsbusch, Eifel 12.9 ka fallout 2,000 X
Empiglione, Colli Albani 600 ka PDC 25,000 X X
Lago di Martigniano, Sabatini 90 ka PDC 50 « « «

Volcanic District
Masaya Caldera, Nicaragua 33.8ka fallout & PDC 23,600 X X
Monte Razzano, Sabatini

Volcanic District 90 ka fallout 1,600 X X

Montserrat, Soufriere Hills 2010 AD | fallout 5,400 X X
Nickenich, Eifel 12.9 ka co-PDC fallout |5,000 X X X

Santo Antdo, Cap Verde 100 ka PDC 5,300 X

iZ?;he di Lazzaro, Stromboli, 5-13 ka |fallout 2,000 X X X X
Solfatara, Campi Flegrei 6.2 ka fallout 100 X X
SDtirsi;:iil:cappa, Sabatini Volcanic 90 ka PDC 300 « « «
Tungurahua, Ecuador 2006 AD | PDC 4,500 X X X
Valle Lungherina, Colli Albani 600 ka PDC 20,000 X X

Table V.1: Overview of investigated aggregates, their stratigraphic unit and structural type.
Tenerife, Spain; Stromboli, Italy; Sabatini Volcanic District, Italy (Monte Razzano, Baccano
Caldera, Lago di Martignano, Stracciacappa); Colli Albani, Italy (Valle Lungherina, Empiglione,
Cave); Solfatara, Italy; Soufriére Hills Volcano, Montserrat; Eifel volcanic field, Germany
(Laacher See, Dachsbusch); Tungurahua, Ecuador; Santo Antdo, Cape Verde and Masaya
Caldera, Nicaragua (Huertas et al., 2002; Giordano et al., 2008; Sottili et al., 2010; De Rita et
al., 1995 a & b; Isaia et al., 2009; Stinton et al., 2014; Schmincke, 2013; Douillet et al., 2013;
Holm et al., 2006; Freundt et al., 2010).

V.4.1 Results: Structural Analysis

a) Volcanic ash aggregates

Samples analyzed in this study represent mainly PC and AP aggregate types (plus all
subcategories except mud drops, AP3). In total, more than 1,100 volcanic aggregates were
analyzed. Aggregate sizes range from 1 mm (e.g. Secche di Lazzaro, SDL) to 2 cm in diameter
(e.g. Valle Lungherina, Figure V.1). In this study, aggregates from the same sample location
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generally exhibit restricted size ranges (Fig. V.1); this contrasts with other studies where a
wide range of aggregate sizes exist at a single location (e.g., Wallace et al. 2013).
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Figure V.1: Size ranges of more than 1100 sampled volcanic aggregates. Mean size (diameter?
and standard deviation are shown. Size ranges of aggregates are clearly confined to severa
mm.

Diverse types of aggregates were found very close to each other, sometimes within the
same stratigraphic unit. For example, in the SDL succession on Stromboli (Table V.1), a single
drill core (2.5 cm diameter, 5 cm long), analyzed by x-ray CT, revealed lithic fragments coated
with thick ash layers resembling to some extent PC2 type aggregates, poorly structured pellets

(AP1), and pellets with concentric structure (AP2, Fig. V.2a). Mixed populations of aggregates
were also found at Caldera del Rey (see also Table V.1).

96



Chapter V Aggregation in particle rich environments

Besides aggregates that fall into the PC/AP classification of Brown et al. (2012), we also
sampled aggregates that can be described as coated accretionary pellets: a hybrid between
PC2 and AP2 type aggregates. These aggregates are spherical, cm-sized pellets with concentric
rim structures, exhibiting cores composed of either broken fragments of other aggregates (e.g.
the rims fragments in the samples from Empiglione, Fig. V.2b) or lithic fragments (aggregates
at Masaya Caldera, Fig. V.2c). Other samples can be described as double featured, i.e.,
accretionary pellets that have a second accretionary pellet as a core (Fig. VV.2d).

-~ secondary rim"-
structure

AP2 aggregate

Figure V.2: Details of various samples at various resolutions. a) X-ray CT analysis of a 2.5 cm
wide drill core from the Secche di Lazzaro succession on Stromboli. The drill core contains PC1,
PC2 and AP2 tyEe ag%regates. Most aggregates represent the PC1 type. b) AP2 similar type
a% regate from Empiglione, Italy, 10mm across. The x-ray image shows a broken rim fragment
(r ?being recycled to act as a core (c) of a new accretionary pellet coated by a concentric rim
structure (cr). c) sample from Caldera del Rey, Tenerife, showing a ‘double’ accretionary pellet:
a small, inner accretionary loellet acts as a core for an even larger accretionary pellet.
Concentric structures typical for APs are existent in both the inner and the outer rim
structures. The whole structure is 20mm across. The dotted lines indicate the physical and
optical separation of the inner accretionary lapilli from the outer rim. d) Accretionary pellet
sample from Masaya Caldera, Nicaragua. T¥1e inner, spherical accretionary pellet (AP2) has a
black lithic fragment acting as a core (“armored pellet”). Compared to t};e Caldera del Rey
sample (Fig. 2c) there are no concentric rim features in the outer part of the sample existing.
e) Close-up of the rim of an AP2 sample of Valle Lungherina, exhibiting the repetitive
formation of rims with a grain size fining outwards.
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Rarely, accretionary pellets show an accumulation of several thin (10s of um), concentric rims
around a central core, such as in the Valle Lungherina sample (VL) where up to seven distinct
rims are present (Fig. V.2e).

To quantitatively compare the structure of volcanic aggregates, core and rim diameters
of > 100 AP type aggregates were measured with a digital caliper (Fig. V.3). Core and rim
diameters (see also Fig. V.2b for measurement procedures) average 6.0 £+ 0.5 mm and 1.32
0.1 mm, respectively, with a mean core to rim ratio for volcanic aggregate samples of 4.54 +
0.13 (Fig. V3). For comparison, we plot data from Van Eaton and Wilson (2013) from the 25.4
ka Oruanui eruption of Taupo volcano, New Zealand. Some of these samples show very thick
rims compared to their cores, but the overall core to rim ratio is smaller (average at 3.41)
compared to our volcanic samples. This seems to indicate a slightly different aggregation
pattern, allowing the rims to grow for a longer period or at very efficient rates.
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Figure V.3: Measured core vs. rim thicknesses for volcanic, artificial and Noerdlinger Ries
samples. Additional data for comparison from Van Eaton and Wilson LZOBZ)for aggregates
from the 25.4 kya Oruanui eruption from Taupo volcano, New Zealand, have been added and
show good agreement with our data. Some Ries and Oruanui samples show clearly increased
rim thicknesses compared to the average data plot.

The structural characteristics show that aggregation is a complex process that may see
several phases of aggregation and aggregate breakup (Mueller et al. 2017a). Aggregation may
initiate around larger clasts (coated lapilli, Fig. V.2b, d) or through the growth of ash pellets

(Fig. V.2a, c) with variable grain size and sorting. Certain processes may allow aggregates to
become mechanically strong (by, for example, cementation through the precipitation of
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secondary mineral phases and possibly also by freezing). Fragments of such hard aggregates
can form sites for new aggregates (Fig. V.2b).

b) Meteorite Impact Aggregates

The 19 analyzed samples from drill cores from the Nérdlinger Ries impact crater consist
exclusively of AP1 and AP2 aggregates. Aggregates range in size from 2-10 mm and have
spherical shapes. In contrast to the volcanic ash aggregates, some of the impact aggregates
have very irregular, wavy rim structures (Fig. V.4a). The mean core and rim thicknesses are 3.2
+ 0.5 mm and 0.78 £ 0.1 mm, respectively, and their mean core to rim ratio of 4.1 £ 0.21) is
generally comparable with volcanic samples. However, some aggregates have rim diameters
that exceed the core diameters and show similarities with the Oruanui data (Fig. V.3, V.4b, c).

Figure V.4: a) Accretionary pellet sample from the Nordlingen 1973 drill hole (FBN 73) inside
the Nordlinger Ries, Germany, from a depth of 296 m. Sam_|p|e shows a clear separation into

core (approx. 80% of the volume) and rim based on PSD. The overall shape of the pellet is
spherical, but a wavy pattern of variably thick “growth rims” can be observed. b) shows a thin
section also of the FBN 73 drill hole and a depth of 309.5 m. Matrix supported accretionary
pellets are spherical in their shape and show rims with thicknesses equalizing the according
core thickness (c).

Aggregates from the Sudbury impact deposits (Fig. V.5a) consist of individual
accretionary lapilli that are up to 2 cm in diameter. In cross-section, the lapilli exhibit multiple
concentric rims. The lapillus imaged in Fig. V.5b has a core of 4.5 mm diameter and an inner
rim of 2.0 mm; the outer rim, present only around half of the lapillus, is 2.8 mm in diameter.
The lapillus in Fig. V.5c has a core of 4.0 mm, an inner rim of 2.6 mm, and an outer rim of
2.0 mm.
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2

_RZBNRR 2mm

Figure V.5: Accretionary features from Sudbury impact structure, Canada. a) Lithic breccia
#Onaping formation) containing accretionary lapilli in cross-bedded beds, intersected with
ine-grained breccia. b) & c) Accretionary lapilli collected at Connors Creek site, some 450-
500 km from the impact location. Lapilli consistently show coarse grained cores and finer
grained rims, sometimes several concentric ones. The lapilli show different states of
preservation, indicating variable degrees of shape alteration by mechanical erosion.

a) Artificial Aggregates

Structures of artificial aggregates are described briefly here; for a more detailed
analysis see Mueller et al. (2016). With the ProCell Lab®, we were able to reproduce both PC
and AP aggregates. Depending on the initial particle size distribution (PSD), the resulting
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aggregates were either: a) non-spherical and structureless (PC1), b) spherical and
structureless (AP1) or c) spherical and internally structured (AP2). PC1 aggregates were
produced with highly confined starting PSDs (< 40 um or 40-90 um particles only), AP1
aggregates appeared under the use of broader starting PSDs (i.e. < 90 um particles), and fully
evolved AP2 aggregates were generated at starting PSDs of <300 um particles. Artificial
aggregates are generally smaller than volcanic aggregates and exhibit diameters ranging
between several 100 um and a few mm, and have modes between 1-2 mm (depending on
experimental conditions). The largest artificial aggregate diameters (5 mm) were achieved
through the use of high viscosity binders (37% HCI) that sometimes allowed two or three APs
to connect with each other and form aggregate clusters with diameters up to 1 cm. Mean core
and rim thicknesses are 1.40 + 0.20 mm and 0.33 £ 0.03 mm, respectively. Despite their small
size, artificial aggregates show a similar core to rim ratio (4.24 £ 0.28, see Fig. 3) to the volcanic
ash aggregates.

V.4.2 Results: Textural Analysis

a) Volcanic ash aggregates

Grain size analysis by laser diffraction (Coulter® LS230) requires particles suspended in
water. Samples from seven different locations (Valle Lungherina, Cave, Monte Razzano,
Stracciacappa, Montserrat, Tungurahua, and Laacher See) could be disintegrated with minimal
mechanical force. We determined the PSDs of up to 10 aggregates from each location (Fig.
V/.6). Samples show a typical particle size range of < 200 um with their modes around 100 pum
for Eifel, Stracciacappa, Monte Razzano, and Valle Lungherina, and 20-50 um for Tungurahua,
Montserrat and Cave. Maximum particle sizes in the volcanic aggregate samples were
~200 um. X-ray CT and thin section analyses of samples that could not be disaggregated
revealed much coarser-grained volcanic aggregates: for example, PC1 samples from Santo
Antdo contain clasts of up to several mm in diameter (Fig. V.7a). AP2 samples from Tenerife
contain 500 um diameter particles in their cores (Fig. \V.7b).

We sampled the surrounding unconsolidated matrix for aggregates extracted from PDC
deposits. PDC deposits were matrix-supported, and maximum grain sizes of the matrix
exceeded the maximum clast size of aggregates significantly (up to ten times, e.g. Tenerife,
Fig. \V.7b). Aggregate rims were much finer in grain size than matrix material, e.g. Fig. V.7b).
Matrix material of six of the seven previously named sample locations has been sieved at 250
um (~ 50-80 wt% of total deposit materials < 255um), which conforms to the maximum grain
size generally observed in aggregates. All matrix materials except for Monte Razzano and Valle
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Lungherina, have coarser grained modes than their respective aggregates; all six sample

locations reveal an enrichment of fine material (<40-80 um) in aggregate material compared
to matrix material (Fig. VV.6).
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Figure V.6: Particle size distribution (PSD) of ag% 1gates vs. the surrounding matrix. PSD of
aggregates (core and rim together) is systematlc iner grained (modes between 20 um (e.g.

Cave) and 120 pum (e.g. Razzano)) compared to the surrounding matrix. For comparison, PSD
of matrix < 250 um on y is shown.

For five locations (Valle Lungherina, Stracciacappa, Monte Razzano, Cave, and Eifel) it
was possible to separate the rims from the cores of AP2 samples and measure them by laser
diffraction (Fig. \V.8). All samples showed finer grained modes for their rim PSDs (40—100 um)

than for their core PSDs (110-140 pum): rims are enriched in fine material (< 60 um) and cores
are enriched in coarse material (> 60 um).

b) Meteorite Impact Aggregates

It was not possible to analyze impact aggregates with the Coulter® LS230, because the
aggregates are entirely lithified. Also, the spatial resolution of the x-ray CT was not sufficient
to compute the PSD with Avizo, a software used to analyze CT data. Instead, ImageJ was used
to estimate both the upper size range and average PSD of clasts building up the aggregates,
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based on thin sections and x-ray CT data. Particle size distributions smaller than approximately
100 um were impossible to determine due to strong alteration of aggregate samples.
Figure V.9a shows an x-ray CT image of an AP2 type sample (found at a depth of 296 m)
embedded in matrix. The sample is about 1.1 cm in diameter and has a PSD < 150 um in its
core and < 85 pum inits rim. The PSD mode is at about 100—-130 um for the core and 30-50 um
for the rim. Other analyzed aggregates, especially from the thin section shown in Figure V.9b,
confirm these findings: the cores have a much coarser-grained peak in PSD than the rims.

Figure V.7: Examples of aggregates containing abundant coarse clasts. a) Cape Verde particle
cluster (PC) with primary particle sizes of up to several mm. b) Drill core from Caldera del Rey,
Tenerife, analyzed with X-ray CT. AP2 type a§gregates are embedded in matrix material. AP2
aggregates have coarse grained cores and fine fgrained rims, PSD of aggregates does not
exceed maxima of 500 um. Matrix material lacks fine grained ash as it is bound in the rims of
the aggregates and PSD does not exceed maxima of 1.5 mm.

c) Artificial Aggregates

Halite-cemented artificial aggregate samples were disintegrated in water and their PSDs
measured with the Coulter® LS230. We analyzed 30 Laacher See ash aggregates that were
generated with a fluidized bed of a PSD <90 um. These 30 measurements were averaged and
compared to the mean PSD of the raw material (Fig. \V.10). Aggregates and raw material share
the same mode in their PSDs at 70 um. However, the aggregates show a clear enrichment
(approx. 10 vol %) of fine particles (<50 um) compared to the raw material. Artificial
aggregation was not limited to materials < 90 um. By increasing aggregation efficiency through
the use of higher viscosity binders such as HCl (relative to H,0), we were able to generate AP2
aggregates out of a starting sample batch containing clasts as large as 500 um. Because of the
involved forces, aggregation is a size-selective process and large particles will be enriched in
the cores (Fig. V.11, Mueller et al. 2016).
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Cave Core vs. Rim
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Figure V.8: Particle size distribution (PSD) within aggregates: PSD of cores and rims has been
measured and compared to each other: all cores show a coarser grained mode in PSD and
have less fine material (< 60 um) than the rims.

Figure V.9: a) X-ray CT image of an AP2 type sample from the FBN73 drill core inside the
Nordlinger Ries, Germany, sampled at a depth of 296 m (see also Stoffler et al., 2013). The
a§gregate isabout 1.1 cm in diameter and has an overall PSD < 150 um with a clearly finer PSD
of about < 85 um in the rim. b) Accumulation of AP2 type aggregates, also from the FBN73
drill core but sampled at a depth of 313 m. Aggregates are between 0.5 and 1 cm in size and
show clear coarse grained core and fine grained rim features.
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Glatt raw material vs. aggregated material
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Figure V.10: PSD of artificial aggregates produced with starting materials of nominally <90 um
size. Enrichment of fines in aﬁgregates, particularly between 5 and 60 um, is visible. The
aggregate dataset has been achieved by averaging more than 100 artificial aggregates.

Figure 11: Artificial ash aggregate (AP2) produced of an initial PSD < 500 um. Particles of
several 100s of um are centered in the core region of the aggregate, the rim is built out of

finer material. The aggregates show a heterogeneous distribution of particle packing of
residual inter-clast pore space.
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V.5 Interpretation

V.5.1 Particle binding mechanisms

Large aggregates as described in this study are primarily generated through hydrostatic
bonding forces and subsequent cementation. Several samples in this study derive from dry
eruptions (e.g. Tungurahua, Montserrat). Accordingly, the presence of accretionary lapilli in
general, in pyroclastic deposits should not be taken as a proxy for explosive eruptions involving
external water at the fragmentation level (i.e. phreatomagmatic or Surtseyan). The geographic
distribution of aggregate appearance in PDC deposits points to the strong influence of the
ambient conditions. A free water phase (whether in the liquid or gaseous state) is omnipresent
in volcanic eruption plumes, meteorite ejecta plumes or ash clouds overriding PDCs. This
water has several possible origins: magmatic origin (H,0 is the most abundant volatile species
dissolved in silicate melts, e.g. Mader 1998), external water from aquifers or surface water
bodies (e.g. Edmonds and Herd 2005) or entrainment of ambient humidity from tropospheric
air (e.g. Tomita 1985). When hot PDCs travel across water bodies significant volumes of steam
can be added to the background humidity. In ash-rich environments, this may enable and/or
enhance aggregation. Several of the investigated aggregates derive from deposits that show
indications of such interactions as, for example, with a river (e.g. Tungurahua 2006), lake (e.g.
Sabatini Volcanic District) or ocean (e.g. Soufriere Hills Volcano, Montserrat 2010). Tomita et
al. (1983) observed wet aggregates falling from the H,O-rich eruption plume of Sakurajima
volcano, Japan and described high relative air humidity values of 85%.

Artificial aggregation experiments have shown that increasing the humidity in a
particle-laden environment exponentially increases the aggregation rate (Mueller et al. 2016).
Volcanic eruption plumes and impact ejecta curtains can entrain external humidity from the
atmosphere or from, for example, the impactor target region (groundwater, lake, ocean, etc.)
or the atmosphere. As particle aggregates bound by electrostatic forces have average
diameters no larger than several tens of um (James et al. 2002), we postulate that the
generation mechanism of the cm-sized Nordlinger Ries aggregates involved hydrostatic
bonding forces, coupled with subsequent cementation processes to stabilize them. Due to
their age, and alteration, it is not possible to analyze potential chemical binders within impact
aggregates.

V.5.2 Aggregate growth processes

The growth of aggregates is limited by physical forces: experiments have shown that
aggregates will continue to grow for as long as the impact energies of colliding particles can
be dissipated by the viscous forces of the liquid binding agent (Ennis et al. 1991). At a certain
aggregate size, impact energies exceed the viscous dissipation forces of the liquid binder and
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causes the impacting particles to rebound. This halts aggregate growth (Mueller et al. 2016).
This may explain the observation that aggregate populations are relatively homogeneous in
size (Fig. \V.1). If critical aggregation parameters such as liquid binder viscosity and, as a
consequence, liquid film thickness, PSD, humidity, or temperature do not change drastically,
aggregates will stop growing once they have reached a certain size (Ennis et al. 1991; Mueller
et al. 2016). Another important factor is the residence time within an environment conducive
to aggregation. As long as growing aggregates are falling through an ash-contaminated
atmosphere, or are kept in (quasi-) suspension in or above a PDC, aggregation will continue
and allow thick rims to grow (e.g. Fig. V.2c), or allow aggregate size to vary as a function of
distance from the volcano. The largest aggregates are sometimes found at some distance from
the vent (see Wallace et al., 2013, and Van Eaton et al. 2015, for observations from deposits
of the Redoubt event 5 in 2009, Alaska). Finally, large aggregates are, with their increased
mass, subject to greater impact energies which makes them prone to shattering and
disaggregation (e.g. Mueller et al. 2017a). This may explain the rare occurrence of
exceptionally large aggregates with diameters up to several 100% larger than the surrounding
mean of aggregate diameters, both in impact and volcanic sediments.

Whether one thick rim or multiple thin rims grow around an aggregate will depend
strongly on the environmental conditions and the residence time within the atmosphere. If
aggregation conditions change slowly (in favor of aggregation increasing, for example,
humidity or binder viscosity), a single rim could keep growing for an extended period of time.
Conversely, multiple rims, and significant variation in the size of the aggregated grains, must
reflect drastic changes in aggregation conditions, probably primarily controlled by the relative
velocity of an aggregate and the ambient ash cloud. This may result in a change in the PSD of
aggregating particles and would manifest as a second rim structure. For example, one of the
aggregates from the Caldera del Rey tuff ring (Figure \V.2c) shows a distinct boundary between
two lithologically distinct rims, indicating the strongly changed conditions for aggregation.

We speculate that impact-related aggregates may be suspended for longer time
periods within atmospheric dust clouds than, for example, volcanic aggregates. This may be
due to the potentially higher initial altitudes attained by impact ejecta curtains and this might
contribute to the thicker rims on impact-generated aggregates.

V.5.3 Synthesis of aggregate structures and textures from various environments

Our study reveals that aggregation is not a uniform process. Repeated aggregation and
subsequent disaggregation leads to the formation of a variety of aggregate types and sizes
during volcanic eruptions. Our data shows that PC and AP samples can occur next to each
other in the same stratigraphic unit, and that single aggregate types are not necessarily
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confined to certain stratigraphic units (i.e. AP2 type samples were found both in fall and PDC
deposits, see Table 1). Mueller et al. (2016) have shown that the generation of PC or AP type
aggregates is strongly dependent on the PSD of the host particle cloud: very restricted initial
PSDs (of just a few tens of um diameter particles) produce PC type aggregates, whereas broad
initial PSDs (of several tens to few hundreds of um-diameter particles) tend to produce
structured AP type aggregates. Samples of PC type aggregates analyzed in this study (e.g.
particle clusters from Wehrer Kessel volcano, Eifel, Germany, Fig. V.12a), show very narrow
PSDs compared to the Stromboli AP2 type aggregates which have PSDs that range 0—-500 um
(Fig. V.12b). During volcanic eruptions two sedimentation possibilities for two co-existing
aggregate types (PC and AP) can be hypothesized. 1) PC1 type aggregates may in some cases
represent incomplete AP2 type aggregates, which were deposited before the fine grained rim
could be (fully) established; or, 2), as aggregation experiments have shown that aggregates
are produced within a few seconds (e.g. Van Eaton et al. 2012, Mueller et al., 2016), areas in
the plume with a more confined PSD may exist, so that during a short time window, PC1
aggregates are generated and deposited.

Figure V.12: a) Thin section of a structureless agﬁregate (PC1 type) from the Laacher See
eruption, sampled at the location Wehrer Kessel Volcano. PSD is relatively confined and
compared to previously described aggregates, very coarse. b) Thin section of an aggregate
sampled at Stromboli (AP2 type, Secche di Lazzaro unit). A clear distinction in core and rim is
possible based on PSD.

AP2 type aggregate formation is favored in environments with broad particle size
distributions that promote selective particle aggregation processes. Whether or not a PC
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becomes coated with one or more fine-grained rims depends on the variability in differential
velocity or vector of existing aggregate and surrounding fines. Multiple rim growth (e.g. Fig.
V.2e) may be favored when an aggregate is exposed to variable transport (from quasi-coupled
during rise in an eruption plume to highly turbulent during fall) and ambient conditions
(humidity, temperature, etc.), for example, during fallout from an ash plume and into a PDC.

The susceptibility of aggregates to erosion or destruction during transport or
deposition may play a significant role in defining the stratigraphic levels in which aggregates
are being found. There is a higher probability of aggregate preservation during the waning
stages of PDCs (lower transport energy) and thus they may be preferentially found in the
upper parts of PDC deposits. During peak intensities, aggregates that are being added from
the turbulent ash cloud to more turbulent and more particle rich basal parts of PDCs, are prone
to breakup or disintegrate completely (see also Brown et al. 2010, 2012). In several outcrops,
the number of aggregates increases nonlinearly towards the top of individual beds (including
deposits from Lago di Martigniano and Stracciacappa, Tungurahua, and Tenerife, Table 1),
whereas simultaneously the number of broken aggregates and aggregate fragments is
decreasing. Similar observations have been made by Brown et al. (2010) at Tenerife, where
aggregate fragments were mainly found at lower, basal parts of PDCs. The preservation
potential of aggregates decreases towards the basal parts of a moving PDC due to the greater
particle concentrations and increased momentum and energy of the moving material which
ultimately leads to break-up and destruction of aggregates. During the waning phase of a PDC
pulse, chances of survival for aggregates increase since collisions with other clasts will become
both less frequent and less intense. This is manifested by the frequent upward grading of
aggregate frequency in individual stratigraphic layers. A similar pattern can be inferred for the
Nordlinger Ries impact deposit, where aggregates are found exclusively in discrete intervals a
few cm thick in the upper parts of the crater fill ejecta, and exclusively in matrix-supported
zones. In the Ries FBN 73 drill core, penetrating a total length of 1140 m of sediments,
aggregates were only found at a confined vertical range of 5 m within the top part of the ejecta
fall back layer. Stoffler et al. (2013) proposed that the accretionary lapilli formed during fall
from particles that had been ejected highest into the atmosphere, rich in solid dust and water
vapor. Apart from the plume temperature, this model is largely similar to the volcanic
scenario. It remains open if PC type aggregates have never been generated or if they have not
survived transport and deposition. So far, they have not been described for the Ries or
Sudbury impact sites.

Impact-generated aggregates tend to have much smaller core to rim ratios than
volcanic aggregates. Only a few volcanic aggregates, (e.g. the double aggregate from Tenerife,
Fig. V.2c) show rims with thicknesses equivalent to the respective radii of the cores. This was
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only reproduced by artificial means by the use of high viscosity binders. Although aggregation
in impact-generated dust clouds is analogous to aggregation in volcanic ash clouds, there
clearly are differences in process that control the nature of the aggregates.

V.6 Discussion

Throughout this study, it becomes apparent that aggregates and especially
accretionary pellets from volcanic, impact and artificial environments are nearly
indistinguishable from each other; still, the respective environmental starting conditions may
be drastically differing in their parameters:

a) An impact event only forms one single pulse, whereas a volcanic plume can be
replenished by multiple explosions during one eruption.

b) The initial velocity of ejecta leaving an impact crater can be on the order of km s*
(Johnson and Melosh 2012), while volcanic ash tends to have an initial velocity upon
ejection from a volcano on the order of m s (Wilson and Self 1980, Sahetapy-Engel et
al. 2009, Taddeucci et al. 2012).

c) Different starting material: impact ejecta is comprised of whatever target material is
hit; in case of the Ries impact event, this includes abundant carbonates with some
cherts. In case of Sudbury, this included various sediments as well as the basement
granites. By contrast, volcanic lapilli are formed from clasts that derive from a largely
homogeneous starting composition.

d) Residence time: Because the depositional conditions of impact-generated aggregates
are unknown, it is also unknown what the time of formation may have been. It is
possible that impact-generated aggregates formed over periods of time that are longer
than for volcanic aggregates.

Despite these clear starting differences, environmental conditions within the plume / ejecta
curtain must change during later stages in order to generate such remarkably similar
accretionary lapilli:

Artificial aggregation experiments have shown the preference of particles to aggregate
in decelerated areas of the fluidized bed, rather than in the central, channeled and high
velocity stream (e.g. Salman et al. 2006). Similarly, aggregation in volcanic plumes is described
to be a process happening in the decelerated umbrella region or during fallout (e.g. Durant et
al. 2009), rather than in the central gas thrust region of an eruptive column. Accordingly (and
due to the high textural and structural similarity between volcanic and impact aggregates), we
hypothesize aggregation during impact events to happen at later stages, e.g. during fallback
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of material. This hypothesis is supported by the occurrence of Ries aggregates at the
stratigraphic top of the deposit, which is interpreted as late fallback material (e.g. Graup
1981).

The influence of the different starting materials in the particle plume seems to be of
subordinate importance. Volcanic field studies and experiments have shown that preservation
of aggregates is critically depending on the availability of soluble salt compounds such as e.g.
NaCl or CaSO4 (Gilbert and Lane 1994; Mueller et al. 2017b). Volcanic eruptions offer two ways
to precipitate salts on ash surfaces: 1) through precipitation of salt crystals (e.g. NaCl) out of
salt rich brines (e.g. interaction of volcanic ejecta with sea water during phreatomagmatic
eruptions), or, 2) though diffusion driven precipitation after the chemical interaction of acid
solutions (e.g. HCl or H,S04) with ash particles (e.g. Ayris et al. 2013, 2014). Whereas the latter
mechanism may also apply for impact events, salts for binding aggregates here may further
depend on the chemistry of the target material and hence significantly influence aggregation
efficiency: carbonite rich cherts as in the Ries area may significantly boost the generation /
presence of such salts like gypsum or calcium chloride on ejecta particles, which will in turn
improve aggregate stability and their chance of preservation (Mueller et al. 2017b).

Volcanic aggregates are predominantly found in proximal to medial locations (up to a
few 100 km from the source), whereas aggregates have been described in meteorite impact
deposits distal (within 1,000s of km as for example, for Chicxulub, Yancey and Guillemette
2008), and medial (within 10s to 100 of km as, for example, at Stac Fada, Branney and Brown
2011) to the impact crater as well as within the impact crater itself (e.g. Sudbury, Grieve 2010).
The data presented here shows that volcanic and impact-generated aggregates are similar
structurally and texturally, with the only discernible difference being the generally thicker rims
around meteorite impact aggregates. This indicates that irrespective of the physical dynamic
differences involved in the generation of the different particle clouds, there were windows of
opportunity when the ambient conditions were favourable for aggregation and for the
preservation of accretionary lapilli. Coupled with an understanding of the underlying physical,
chemical and mechanical aggregate formation processes derived from experiments, this
provides an opportunity to better understand dust cloud processes during the deposition of
impact ejecta.

V.7 Conclusion

Particle aggregation is a common process in particle-rich environments. Upon
mechanical interaction, particles stick because of liquid binding or electrostatic forces
followed by mineral precipitation. Aggregates from two impact sites and sixteen volcanoes
have been compared to artificial aggregates generated under controlled and scaled lab
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experiments. During the formation of the artificial aggregates, particle properties and
boundary conditions were controlled to constrain aggregation efficiency variations. All three
aggregation environments produce complex, internally structured aggregates; however,
unstructured particle clusters were only found in the experimental and volcanic aggregate
populations. If this is due to a lack of preservation during deposition or diagenesis of impact
deposits is unclear. Primary particle size distributions are similar for aggregates of all three
environments. Experimental and volcanic aggregates exhibit very thin concentric rims around
relatively large aggregate cores, whilst meteorite impact-generated aggregates commonly
show rims with thicknesses that exceed the diameter of the cores—a feature that is only very
rarely observed for volcanic aggregates and not at all for artificial ones. In summary, it is
remarkable that meteorite impact-generated and volcanic aggregates share many similarities,
and in some cases may be indistinguishable without their stratigraphic and lithological
context. To date, no majorimpact event has been witnessed by humans, therefore knowledge
of the impact event and of particle deposition is based on interpretation of field data and on
modeling. Explosive volcanic eruptions that produce aggregates have been observed and
studied in greater detail and the understanding of the underlying processes for the formation
of aggregates has improved significantly in the past decades through numerical, field and
experimental studies (e.g. Costa et al. 2010, Van Eaton and Wilson 2013, Bagheri et al. 2016,
Mueller et al, 2016). Based on the results of this study, we can infer that ambient conditions
necessary for aggregation within dust clouds from meteorite impacts can be broadly similar
to those within volcanic ash clouds and further can be reproduced in the laboratory.
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VI.1 Concluding Remarks

Outcomes obtained in this thesis focus on the lifecycle of volcanic ash aggregates.
Volcanic ash aggregation following explosive volcanic eruptions is a mechanism which can
serve to significantly alter ash plume dispersal; plume dispersal modeling, therefore, must rest
on a thorough understanding of aggregation processes. Some key questions raised in the
introduction were (1) which physical and chemical conditions support ash aggregation? and
(2) are formed aggregates stable enough to deposit and be removed from the atmosphere, or
do they break up during the settling process? In the case of the latter, the primary particles
may have the potential to remain in the atmosphere. Experimental results have been
interrogated in order to explain structural and textural properties of volcanic- and meteorite
impact-related particle aggregates that have been sampled during a field campaign. This final
chapter will recapture the most significant findings of this dissertation and frame them in
relation to questions that were raised in the introduction.

VI.1.1 Experimental production of ash aggregates

In collaboration with Glatt Ingenieurtechnik GmbH in Weimar, Germany, it was possible
to mimic natural wet aggregation processes in the lab, as they are expected to occur in dense,
particle-laden environments such as volcanic eruption plumes. The ProCell® Lab, developed
by Glatt, was used as a granulation device. The ProCell® Lab fluidizes granular material from a
solid-like state to a fluid-like state and allows liquids to be sprayed through a nozzle into the
fluidized bed. A lateral outlet of the system allows for the separation, drying and collection of
aggregated material. Electrostatic aggregation within the ProCell® Lab can be excluded:
grounding of fluidization devices is a crucial step taken to avoid particle charging, which can
in turn lead to equipment-damaging dust explosions. The ProCell® Lab was used to aggregate
natural phonolitic and rhyolitic ash or soda-lime glass beads (analogue material). H,0, HCl and
H,SO4 have been used as liquid binding agents and NaCl and CaSO4 as cementing agents. The
liquid and cementing agents used are chemical compounds commonly released—in one form
or another—during volcanic eruptions. Aggregate sizes of several mm in diameter were re-
produced, as well as both particle clusters (internally unstructured) and accretionary pellets
(internally structured). Aggregation was successful both in the presence and absence of
cementation agents such as NaCl. Preservation of aggregates was only successful in the
presence of a solid binder with which to cement the aggregate after drying and with the
abolition of liquid bonding forces. Cementing agents such as NaCl were either pre-doped on
the ash and glass bead particles via spraying a water-salt solution, or precipitated through
chemical reactions of the material with acid solutions (HCI, H,SO4). Production and
preservation of aggregates with low NaCl concentrations (< 1,000 mg.kg?), typical for natural
aggregates, was possible.
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VI.1.2 Efficiency controls on ash aggregation

In order to model the influence of ash aggregation on plume dispersal as accurately as
possible, it is important to know not only under which conditions particles aggregate, but also
how fast and efficiently they aggregate, and the governing controls on their aggregation
efficiency. Experiments have shown that in order to establish liquid bonding between fluidized
particles, a minimum relative air humidity of about 10-15% is required. An exponential
increase of aggregating particles per time with increasing air humidity can be observed.
Although ProCell® Lab experiments had to stop at relative air humidities of about 50-60% or
higher due to collapse of the fluidized bed, observations in nature during volcanic eruptions
prove that particle aggregation also occurs at relative air humidities of up to 100 % (e.g. Tomita
et al., 1985). A second major control on aggregation efficiency is the total grain size
distribution: about one order of magnitude in aggregate mass production rate per time
separates the fast aggregating fine ash particles (< 40 um) from the slower aggregating coarse
particles (40-90 um). Similar trends are observed for analogue material experiments with glass
beads. A third control on aggregation efficiency is exerted by the liquid binder viscosity: low
viscosity binders (e.g. HCI) are more efficient at aggregating particles than high viscosity
binders (e.g. H.0). However, the true extent of the influence of binder viscosity is uncertain,
as in this case low viscosity binders—such as HCl—also produced surficial salt precipitations,
promoting aggregate preservation. Nevertheless, numerical models support the positive
influence of binder viscosity on aggregation efficiency.

VI.1.3 A new perspective on internal structuring of accretionary pellets

Three different possibilities have so far been presented in the relevant literature to
explain the internal stratification of volcanic accretionary pellets: 1) during growth, aggregates
are re-entrained in plumes several times and traverse areas of different grain size populations,
leading to grain size-dependent structuring; 2) unstructured particle clusters form within ash
plumes or co-ignimbrite ash plumes and fall into laterally moving PDCs, which provide a
turbulent and chaotic environment and fosters the aggregation of concentric rims around
particle clusters; 3) after a change of binding mechanisms from hydrostatic to electrostatic,
only very fine ash particles can be accreted and serve to build a fine-grained concentric rim.
For the first time, this thesis suggests and experimentally demonstrates a fourth possibility for
the generation of internally-structured accretionary pellets: based on a numerical model,
aggregation is proposed to be a size-selective process, which is in turn responsible for internal
structuring. The model divides wet aggregation into two stages: during stage one, all particles
with a theoretical liquid layer around them collide successfully, such that particles stick to each
other (up to a certain particle size threshold). Impact energies of the colliding particles can be
dissipated by the viscous forces of the liquid layer allowing the particles to adhere to each
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other. During stage two, as the aggregate core is growing, impact energies of particles large in
size relative to the aggregate core create impact energies too high to be dissipated by the
liquid layer and particles will rebound. Fine particles, however, generate lower impact
energies and keep sticking to the aggregate core after impact. This size-selective process
accretes a concentric rim of fine particles around a chaotic, unstructured core, just as is
observed in natural accretionary lapilli. Timescales for experimental, mm-sized accretionary
pellet production are on the order of seconds (< 10s), which makes it a very plausible,
additional alternative to previously suggested accretionary pellet generation mechanisms.
The conclusion is drawn that a combined plume—PDC environment is not a necessary
prerequisite for the generation of accretionary pellets, nor does the aggregate have to cycle
several times through various plume regions. However, a broad enough particle size
distribution (e.g. < 100 um) is necessary to allow for size-selective growth of the aggregate.

VI.1.4 Ongoing physical and chemical processes on ash surfaces during aggregation

To date, it is only partially possible to monitor physical or chemical particle surface
processes in situ during particle aggregation (e.g. via highspeed monitoring). Substantial post-
experimental analysis of artificial and natural aggregates was performed—such as Scanning
Electron Microscopy (SEM), optical microscopy, surface leaching, particle size distribution,
surface area, and density measurements—in order to characterize samples more accurately
and gain additional insights into microscopic aggregation processes. SEM analysis revealed a
significant re-mobilization of surface salts during aggregation: whereas materials pre-doped
with NaCl exhibited an even distribution of NaCl crystals on their surface, aggregated material
showed concentrated NaCl assemblages in the form of solid salt bridges at the particle—
particle contact points. A conceptual model is presented here that suggests re-mobilization of
surface salts (e.g. NaCl) through dissolution of the liquid binder (e.g. H,0). The salt-water brine
is then pulled along the particle surface by capillary forces to particle-particle contact points.
More voluminous salt bridges are observed between larger particles, as they provide a greater
surface catchment area for soluble salts. Further, we observe the formation of substantial
surface salts on cemented aggregates just by spraying diluted (2.3 %) HCI. Further, during the
interaction of ash with HCI, the release of agents potentially hazardous to the environment
(e.g. K, Al, Fe) is observed. The release rate of these elements is proportional to the
concentration of HCI: at the highest experimental HCI concentrations (37 %), the highest salt
generation was recorded. In addition, metal release from ash surfaces was observed.
Concerning pre- and post-experimental particle size distribution of aggregates, an enrichment
of fines (<40 um) is observed in ash aggregates relative to the starting material; this
enrichment of fines is not observed for glass bead aggregates. This difference may be
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attributed to the relatively higher specific surface roughness of fine ash particles, which allows
for mechanical interlocking, granting them extra stability compared to glass beads.

VI.1.5 Deposition or not? Stability controls on ash aggregates

One entire chapter of this dissertation is credited to the key question of aggregate
stability. Currently, models such as FPLUME 1.0 (Folch et al., 2016) assume that aggregated
material is removed from the atmosphere. Indeed, disaggregation processes are neglected
entirely due to the lack of quantitative datasets. Due to the aggregates’ low binding forces,
they are fragile and very prone to breakup. Impact experiments of artificial aggregates have
shown failure at impact energies as low as 104-10° J. This makes aggregates in plumes highly
susceptible to disaggregation into primary particles upon collisions with larger fragments
(mm-sized ash, lapilli or bombs). These disaggregated primary particles then have the
potential to remain in the atmosphere and, contrary to the underlying assumptions of present
numerical forecasting models, are not necessarily removed from the atmosphere and
deposited on the ground. Importantly, the results presented in this thesis provide a
guantitative foundation by which to implement disaggregation processes into numerical ash
plume dispersal models: not only identifying the parameters which govern aggregate stability,
but also assessing the relative influence exerted by the attendant operative mechanisms.

Several aggregate charges have been produced with the ProCell® Lab using volcanic ash
materials (rough surface) and soda-lime glass bead materials (smooth surface). Different
particle size distributions were imposed for either material (< 40 um, 40-90 um and < 90 um
for volcanic ash, < 50 um, 40-70 um and < 70 um for soda-lime glass beads). Further, different
NaCl binder concentrations, ranging between 1 g.kg* and 20 g.kg™* were applied to cement
aggregates. An experimental setup was designed in order to impact aggregates on a solid
surface, measure the impact energy and record disaggregation processes. Three
disaggregation types were observed: 1) surface chipping (< 10 wt.% of the parental aggregate
broke off), 2) fragmentation (10-90 wt% material loss of parent aggregate) and 3) total
disintegration (> 90 wt% material loss of parent aggregate). Stability of aggregates has been
shown to be mainly controlled by particle size distribution of primary particles, salt binder
concentration, and—to some extent—by primary particle morphology. Higher binder
concentration allows the establishment of more voluminous solid salt bridges at particle-
particle contact points, which in turn grants the aggregate greater stability. For the same
reason (solid bridges with large volume), but due to a different mechanism, aggregates with
large primary particle sizes exhibit greater stability relative to those with finer primary particle
sizes: large particles offer a relatively higher surface area that can be scavenged by liquid
droplets for soluble salt precipitations. Transported through the pull of capillary forces to
particle-particle contact points, aggregates with large primary particle surfaces can deposit
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relatively higher salt loads between particles. Finally, aggregates composed of volcanic ash
particles showed slightly higher stability than comparable (same PSD and binder
concentration) glass bead aggregates. The higher surface roughness of volcanic ash relative to
the glass beads allows mechanical interlocking, which is inferred to be the main cause for
increased stability of ash aggregates.

In conclusion, it is crucial to note that freshly generated aggregates, however much salt
they might have as solid binder, are very fragile and prone to disaggregation. It is hence
important for numerical forecast models to consider the possibility of aggregate breakup in
the atmosphere, rather than assuming aggregated particles to be permanently removed from
the atmosphere and not subject to further dispersal. A further detail is the paradigm of fine
ash aggregation: studying the controls on ash aggregation efficiency has shown the particular
preference of fine ash to aggregate — at the same time, we now note a preference of
aggregates with fine primary particle sizes to disaggregate.

VI.1.6 Aggregation in the fields of volcanology, granulation industry and planetary science

Experimentally obtained results on particle aggregation are assessed in this final
chapter to explain structures and textures of natural aggregates. In an extensive field
campaign, volcanic aggregates were samples from more than 15 globally distributed eruption
sites. Moreover, volcanic and artificial aggregates were compared with those generated
during meteorite impact events, allowing inferences to be made with regards to their
generation processes which have not yet been witnessed and recorded by humans. Impact
aggregates were sampled from the Nordlinger Ries impact site in South Germany. Notably,
impact aggregates can be found at several other impact sites on planet Earth (e.g. Chicxulub,
Mexico, and Stac Fada, Scotland) and have additionally been described during lunar Apollo
missions and recorded by the Opportunity Rover on Mars.

1) Textural properties

Artificial, volcanic, and impact aggregates all display a similar average range of primary
particle size distribution (<200 um). For artificial and volcanic aggregates, it was further
possible to compare PSD of the aggregates with the PSD of the parent particle mixture. Both
artificial and natural accretionary pellets are enriched in fines compared to their parental
mixture. This is credited to the size-selective aggregation process, which preferentially
accumulates fine particles around a growing core. Fine particles exhibit lower impact energies
and are hence easier to bind through hydrostatic bonding.
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2) Structural properties

Volcanic aggregates are clearly divided in particle clusters (i.e. lacking an internal
structure) and accretionary pellets (internally structured into a core and rim). In addition to
the potential formation mechanisms responsible for internal stratification of aggregates
already published, this thesis presents a new mechanism: size-selective particle aggregation.
For the case of meteorite impact-related aggregates, exclusively internally-stratified
accretionary pellets have been identified or described for the Ries site, as well as for any other
studied terrestrial, lunar or planetary impact site. Further, whereas rims of volcanic and
artificial accretionary pellets are generally spherical, those observed in impact-related
aggregates are of an irregular, wavy character. Finally, the rim to core ratios, being similar
within volcanic and artificial aggregates, differ significantly for impact-related aggregates that
show rim radii approximately equivalent to their corresponding core radii. Volcanic
accretionary pellets typically have rims with radii of a few percent of the according core radii.

3) Cementation of aggregates

Solid chemical binders cement aggregates after formation and increase their chances
of preservation. Typical binders described for volcanic ash aggregates are NaCl or CaSOs; both
were successfully employed under laboratory conditions in order to cement artificial
aggregates. Halites have further been described in impact-related aggregates, however it is
not clear whether they present a primary cementation agent or a secondary mineralization
process due to the age (millions to billions of years) of the aggregates. For aggregates found
at the Apollo landing site on the Moon, wet formation through liquid bonding can be ruled
out as—to our current knowledge—the Moon never had an atmosphere. Investigations into
potential lunar binding mechanisms revealed formerly molten droplets to be responsible for
particle sticking. A similar process, sintering, has been observed for volcanic ash aggregates,
but again it is unclear whether this is a primary aggregation process or if it happened after
deposition, e.g. through a hot, overriding PDC.

4) Size of aggregates

The size of volcanic aggregates can range from mm to cm in diameter, whereas artificial
aggregates are typically in the range of mm and impact aggregates are generally larger than
1 cm in diameter. It can only be speculated, but one reason for this observed discrepancy
might be the respective aggregation timescales. In volcanic environments, cm-sized
aggregates (which are exclusively accretionary pellets) are found in large PDC deposits from
major volcanic eruptions (e.g. Oruanui, New Zealand; Colli Albani, Italy). PDCs of large
eruptions may travel 10s of km distant from the volcano, which allows the formation of large
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aggregates. Following the proposed scheme of size-selective particle aggregation, aggregation
should achieve a natural limit once it has reached a certain size. However, during far-ranging
PDC transport, aggregates may be exposed to different aggregation environments (e.g.
relative air humidity, binder viscosity, salt concentration etc.) which have the potential to re-
start aggregation. This hypothesis is further supported by the fact that these large, well-
travelled aggregates generally exhibit multiple rims, a result of their traversing different
aggregation regimes. For the same reason, impact-related aggregates are generally cm-sized:
ejecta curtains spread hundreds or more km from the impact site, giving aggregates time and
the possibility to traverse several aggregation regimes during their formation. Like far-
travelled, cm-sized volcanic aggregates, impact aggregates are also exclusively accretionary
pellets and generally exhibit multiple rimming. It was not possible to mimic these aggregation
processes in the laboratory, since experimentally-formed aggregates in the ProCell Lab® are
generated within seconds; also, during a second re-entrainment into the fluidized bed, they
disaggregate. Due to the experimental aggregates’ short lifespan, it is not possible to
experimentally expose them to differing aggregation regimes (e.g. by changing binder
properties) and therefore mimicking multiple large sizes or multiple riming—as observed for
impact aggregates or far-travelled volcanic aggregates—was not possible.

5) Stratigraphic positioning of aggregates

Impact aggregates such as, for example, those from the Ries Impact Event are found in
the upper layers of their stratigraphic units, which are interpreted as late ejecta curtain
fallback units. Evidence of aggregates beyond a stratigraphic depth of several m is missing.
The same can be reported for volcanic aggregates deposited in PDC sediments, which are
almost exclusively found in the uppermost layers. Basal PDC units usually completely lack
aggregates or, rarely, contain fragments (parts of rims and cores, for example). Contrary to
the general opinion of other studies, the lack of aggregates in deeper stratigraphic units is
inferred in this thesis to be due to the destructive nature of PDCs, rather than relying on the
assumption that aggregates are not built there at all. As outlined in a previous chapter,
aggregation experiments have even shown a positive influence of a dense and particle-laden
environment on aggregation efficiency, as it increases the probability of particle collisions.
Moreover, experiments have shown aggregation can take place on the order of seconds.
Accordingly, aggregate generation is actually anticipated to be enhanced in deep, basal parts
of PDCs; however, this also goes hand-in-hand with more complete and immediate
destruction of aggregates due to the highly-energetic environment.
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V1.2 Outlook

The focus of this dissertation is on the lifecycle of volcanic ash aggregates. Experimental
production of aggregates in fluidized beds under a controlled environment allowed for the
exact characterization of parameters controlling aggregation efficiency. The primary controls
on ash aggregation were found to be relative air humidity and particle size distribution as well
as their surface morphology, liquid binder properties and the presence and concentration of
solid cementation agents. These experimental parameters can easily be correlated to several
Eruption Source Parameters (ESPs) which are a significant component of numerical ash plume
forecast models:

- Plume Height: a larger plume height gives ash particles potentially more time to
aggregate, which would in turn allow for greater aggregate sizes and potentially
higher removal of ash from the atmosphere. Also, hydrometeor formation is
enhanced at higher plume heights.

- Mass fraction of fine ash: a clear relationship between ash aggregation efficiency
and particle size distribution was stated in this thesis. Further, a clear dependency
of aggregate stability on fine ash content was found. Whereas the presence of fine
ash enhances aggregate formation, it simultaneously supports disaggregation as
the fine ash content of aggregates lowers their overall stability against collisions
with other aggregates or fragments.

- Eruption Category: eruptions are divided into categories (large/ small, mafic/ silicic,
submarine/ subaerial etc.). Several of these categories can have a clear implication
on mass fraction of fine ash which is in turn a crucial (dis-) aggregation parameter.
For example, silicic eruptions are generally more effective at producing large
volumes of fine ash (e.g. Dartevelle et al., 2002); further, medium- to large-sized
eruptions are generally shown to have a mass fraction of fine ash (< 60 um) of 0.5
to more than 0.7 (Walker 1980, 1981). Finally, experiments have demonstrated the
greater potential of silicic ash to produce soluble surface salts (Ayris et al., 2014),
which is in turn a critical parameter influencing stability of aggregates and their
chance of preservation, and hence their propensity for ultimate removal from the
atmosphere.

- Other parameters: several minor, but nevertheless important, ESP parameters exist
that are related to particle aggregation, including degassing (gas chemistry and
mass flux rate), plume conditions (re-entrainment of ambient moisture or particles
by turbulent eddies), and magmatic water mass fraction (moisture in plumes can

as well be of magmatic origin).
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The above-named ESPs are all clearly correlated to particle aggregation in volcanic
eruption plumes. The task now remains to implement the results outlined and elaborated
upon in this thesis into numerical ash plume forecast models. Ultimately, this will serve to
improve aggregation probability modeling and will allow—for the first time ever—the
inclusion of disaggregation processes, mechanisms which demonstrably exert a significant
influence on the fine ash population balance in volcanic ash plumes.
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